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SECTION |
PROJECT OBJECTIVES AND SIGNIFICANT RESULTS

RESEARCH OBJECTIVES

Objectives of this research were to adopt rock impedance and dielectric
parameters as indicators as well as predictors of their geophysical charac-
teristics, of presence of water, entrapped gases, and rock fractures. Di-
“lectric relaxation mechanisms were utilized to describe the impedance and
dielectric characteristics of representative rocks. Electrical models to
simulate rock impedance and dielectric dispersion were used to zorrelate
rock properties with the model parameters, Data taken at low frequencies
(<2kHz) yielded information that is pertinent to rock structure and geophysical
characteristics, while the high-frequency data would contribute a valuable
input to rock fragmentation by dielectric heati: z. Research covered in this
report was confined to the low-frequency range and to the development of
relationships betweer impedance and dielectric permittivity data on rocks.

SIGNIFICANT RESULTS

Rapid measurement and display of the low-frequency impedance parameters

of basalt, granite, and quartzite was accomplished by a novel technique in
which the rock under investigation was Flaced in the feedback path of an opera-
tional amplifier, and an analog/digital computer was used for rapid evolution
and data display. The data obtained adhered closely to the theoretically pre-
dicted circular arc diagram when the equivalent series reactance was plotted
as a function of the equivalent series resistance at various frequencies from
0.05 Hz to 2 kHz. The photographs in Figures 1-1, 1-2, and 1-3 show the
actual output for the impedance parameters of basalt, granit:, and quartzite
rock samples as displayed in the Argand diagram,

29506-3007
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Figure 1-2.

Computer Display of the Impedance Circular Arcs
for Granite Samples. Top photograph is for a long
granite cylinder (4. 41 cm). Bottom photograph is
for a thin slice of the granite cylinder(: i~ . . ).
Points (+) represent variation of reactance wit
resistance at a given frequency. Dotted curves are
arcs of the computer data-fitted circle in the least
square sense,
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Figure 1-3.

Computer Display of the Impedance Circular Arc
for a Large Diameter Quartzite Disc Sample,
Points (+) represent experimental variation of
reactance with resistance at a given frequency.
Dotted curve is an arc of the computer data-fitted
circle in ihe least square sense.
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A new '"bracketing' technique was developed ‘o extract the rock dielectric
coustants from the corrected and normalized impedance parameters, Details

of this novel technique are presented in Cections [V and VII.

An electrical model that describes the observed behavior of rock impedance
data has been developed and is reported in Section VII. The model permits
quantitative evaluation and correlation of observed rock impedance data and
their geophysical characteristics. The model also elucidates for the first
time the inherent complications that arise from electrode impedance and rock/

electrode double layer polarizaticn effects by defining a polarization param-

eter, g.

The highest sensitivity for water detection in rocks was obtained by extrapolating
the real component of the dieleciric constant to the zero frequency limit. The
effects of rock pretreatment in water and in socium hydroxide solutions upon
their electric and dielectric parameters are covered in Section VI. Variation

of the polarization constant, g, for a basalt rock with its sodium (mobile) ion
content is shown in Figure 1-4, Lower polarization constants correspond to
more significant electrode double-layer polarization artifacts, because this

type of double-layer polarization impedance appears to be in parallel with the
rock impedance components. Hence, the presence of larger quantities of
sodium ions increases the double-layer polarization effects in addition to

increasing the rock ohmic conductivity.

Z9506-3007
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SECTION II
EXPERIMENTAL TECHNIQUE

The most common methods of determining the electric and dielectric
properties of rocks involve bridge, resonance, and heterodyne techniques., A
comprehensive description of these and similar techniques is given in

References 1 and 2.

During this program a new direct-comparison method was developed that
involved placing the rock sample in the feedback loop of an operational
amplifier, This metiod has the advantage that data cant e taken at extremely
low frequencies where conventional methods become too unstable. Further-
more, the data were processed by a computer and displayed directly. In this
technique, impedance data processing involved time-domain sampling and a

discrete Fourier transform to the frequency domain.

EXPERIMENTAL SETUP

The basic approach to the experimental determination of the rock impedance
is the use of the rock as a feedback impedance in an operational amplifier.
Thus, for a known input signal and resistance, the rock impedance can be
determined from the amplifier output signal. This technique lends itself to
convenient, on-line signal analysis through the use of analog-to-digital

conversion equipment,

Figure 2-1 illustrates the experimental setup in simplified form. Basically,
a sinusoid at known frequency drives the amplifier containing the rock, while
an in-phase square wave generated simultaneously with the sinusoid is used

to clearly define the period of the waveform.

Z9506-3007
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"GO SIGNAL"
g

SAMPLING
&

A-D -
CONVERS 10N

L,

DDP-24

COMPUTER

[ )
PRINTED, VISUAL
& MAG TAPE
outPUT

Figure 2-1, Schematic of Experimental Setup

The output from the rock amplifier is sampled over some interval consistent
with the signal frequency and converted to digital form. At this stage a DDP-24
computer performs a discrete Fourier transform and computes the equivalent
series resistance and reactance for the signal,

Included within the analog circuitry is an amplifier having a known fixed
(calibration) resistor in its feedback loop. The signal from this amplifier
is analyzed siimultaneously with the rock signal and provides a reference
signal of known amplitude and phase.

Another amplifier is provided just ahead of the calibration amplifier to pro-

vide a means of easily changing the gain through the calibration branch with-
out changing the calibration resistor itself.

Z9506-3007
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The voltage output, e, (Figure 2-1), from the amplifier having the rock as its

feedback impedance is given by
e = - ZR = -Z
= z__ e. , e = e. (2‘1)
i

because Z; = 1 megohm and Z_, is in megohms,

R

Similarly, the output eo' from the calibration amplifier is given by
R €; (2-2)

The amplitude of the complex impedance ZR is thus given by

le,l [ R
e (e -9
leol R, Ri’

| Zg]

where e and eo' are detcrmined from a Fourier analysis of the output volt-

!
es e_and e ',
ages e o

The Fourier analysis also provides the phase angle ¢ between output voltage
and current, Thus, the series resistance and reactance are calculated from

R, = |2g| cos g, and X_ = |ZR| sin ¢ (2-4)
A least-squares circle fit is also automatically made for the Rs and Xs data

and displayed along with the Rg and XS data on a CRT screen, In addition,
all data are permanently stored on magnetic tape for future call back,

29506-3007



PROCEDURE

Sinusoidal signals from the function generator of a discrete frequency from

10 Hz to 1 MHz were used to drive the current electrodes. In addition, an in-
phase square wave generated simultaneously with the sinusoid served to clearly
delineate the period of the waveform so that its frequency could be easily mea-
sured. The excitation current, output voltage, square wave, and ''go'" signal
were led directly to the computer for on-line processing, or else stored
intermediately on FM magnetic tapes for subsequent playback when off-line
processing becomes necessary., The results were printed, punched on paper
tape, and digitally recorded on magnetic tape.

All computations were performed in the laboratory on a DDP-24 comrguter,
which has an 8000-core storage memory bank of 24-bit words. Because this
computer is oriented in design for process control, it is ideally suited for
on-~line measurements of the sort described here. Peripheral equipment
contained sample and hold circuitry, a multiplexer, and an analog-to-digital
converter as input channels, and a typewriter and paper tape punch for hard

copy output,

The operation of the program is outlined in Figure 2-2. After the program

wag loaded and started, it awaited a "'go'" signal from the operator. Because
complete freedom was desired in selecting frequency as an independent vari-
able, it was necessary for the computer to adjust its own sampling rate
accordingly every time the ''go'" signal was given. The excitation period was
measured by determining the interval between successive positive sloped zero
crossings, using machine cycles as the "yardstick". A minimum-measurement
interval of a few milliseconds, measured to the nearest microsecond increment,
was set and the number of cycles occurring in it was noted. With the excita-
tion frequency and a sampling period "window" determined, it was possible

to specify a sampling rate and the weighting coefficients of a discrete Fourier
transform for harmonic analysis of the data, The waveforms across the

Z9506-3007




2-5

LOAD PROGRAM

—

AWAIT GO
SIGNAL

!

DETERMINE
EXCITATION
FREQUENCY

!

COMPUTE SAMPLING
INTERVAL AND
DFT WEIGHTS

'

MEASURE RESPONSE

!

PERFORM DFT
COMPUTE AMPL|TUDES
AND PHASES

{

PRINT RESULTS

Figure 2-2. Computer Program - Sequence of Events

current source and the rock sample were measured simultaneously and stored
internally, From these, the d-c first and second harmonic terms were com-
puted using the above-determincd discrete Fourier transform coefficients.

Having determined the frequency, resistance and reactance, a circle was

fitted to the data under the condition of minimum deviation (least square

calculation). The center of the circle (Ro, Xo) was found such that the square
of the deviations, A, was a minimum,

n
A=) (r - PP (2-5)
i=1

where n is the number of sampling frequencies at which impedance was mea-
sured, F is the average circle radius, and r; is given by

29506-3007
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2 2]1/2
r, = (R, - R)® + (X_ - X)) (2-6)

This was accompliched via a gradient descent in two-dimensional Ro, X,
parameter space. For graphical display, the equivalent series resistances

and reactances were computed at each of the sampling frequencies.

Sample Preparation

With the exception of the application of electrode material and the pretreatment
experiments in Section VI, all measurements have been made on rocks "as

received' from the customer.

The electrodes were applied to the flat surfaces of the cylindrical samples.
An epoxy-based conductive adhesive* was applied in a thin coat and allowed

to dry for at ieast two days at room temperature.

Copper leads made from thin sheet stock were laid on top of the electrode
material and the rock was clamped tightly between two plates of printed circuit

board to secure electrical contact with the rock.

The procedures described here for computing rock electric parameters are
valid for isotropic specimens only. It was shown by Spinner and Tefft (Ref. 3)
that rock elastic moduli equations can be applied to a polycrystalline material
if the individual grains of the material are randomly oriented and distributed,
and are not larger than one-third of the smallest dimension of the specimen.
Such a material may be considered to be isotropic on a macroscopic scale,

even though the individual grains themselves are anisotropic.

*Eccobond Solder V-91, Emerson and Cumming, Inc., Dielectric Materials
Division, Canton, Massachusetts.
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Validation of the Measurement Technique

To check the validity of rdck ir;npedance data‘ obtainéd with|the computer 'tech-
nique, some results were compared with those' obtained with: traditional com-
pensation techniques using a Genéx_'al Radio-type 1!650 CRL bridge. Measure- ;
ments were performed on a basalt sample (1) atl'a frequency of 1 kHz, ‘With

the bridge technique a series caﬁacitancé of 28'picofa‘r’ads and a dissipation |
factor, D, of 0.36 at 1 kHz were m'easured.] Traﬁsformation from a series

domain to an isoimpedic system in the parallel domain'yields : ‘

2 2 : ! ' !

RgRp = XX, =R +X_ (2-7)
] t I
The dissipation factor, D, is defined asi 1 |
D = = - = - (2-8)
pr p Rp YS— [ | |
o ,
From Equations (2-7) and (2-8) one obtains )
' 1
} )
X C , )
g2 =1+D? = 8 | (2-9)
S p ) 1 '
Hence o 3 ' | | |
i .
Cs : "I ) , ! @ 10} .
Cy= —% ' . ' ! : 2-10
P 1+D l g

i
' i )

¥
From these equations, one calculates a parallel capac;itance,' Cp, of 25 p‘i‘co-
farads and a parallel resistance, 'R_, of 17. 7 mégohms..' The series param-

eters computed at 1 kHz would be -5. 72 megohms for the reactance, Xs, and
! !

2. 04 megohms for the resisltance, Rs. T | | =

i
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Measurements w1th the’ d1rect comparison on-line computer technique for the
same basaltic rock sample gave the values R =2.171, X = -5.28 megohmse

and ¢ = -62, 3 degrees, respectively. The serles reactances -5.72 and -5.28
mf-gohms obtained w1th the bridge and the new techniques, respectively, differ
by about 8 percent.’ However, the series resistance 2. 04 megohms measured
with the bri idge dev1ates by about 26 percent from the value 2. 77 megohms
measured with the present technique,

Despite the 1arge’deviation in R ,‘ and considering the lead impedances and
stray capacitances which were not taken into account, these results nevertheless

i lend credence to the general validity of the new measuring technique., It is

generally recogmzed that bridge balancing methods are difficult at very low
frequencies, and hence, their data would be susceptible to gross errors at
‘these frequencies. [t appears, therefore, that the new direct-comparison

. technique yields reliable data in the'low-frequency range.

'

On the assumptlon that rdock 1mpedanCe can be represented by the simple
parallel RpCp unlt Mmeasured with the bridge, we constructed a model from
the nearest available components in the laboratory of 18 megohms for Rp

and 25 plcofarads forC . A computer run was performed with this R C unit
replacmg the rock. This system gave the data in Table 2-1 for the series

paraméters at four frequencles '

'
¥

Table 2-1. Frequency Variation of the Impedance Parameters
] A

of the R,C Unlt (Rp = 18 megohms, Cp =25
plcofarads?
!
Frequency | Ry  |° -Xg -9
(Hz) (megohms) (megohms) (degrees)
, 1000 ' 2.'66 4. 60 59. 9
100 16.22 .4.93 16. 9
' 10 17. 84 : 0. 61 2,0
1 . 17. 89 0.08 0.2

* Z9506-3007 .
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As predicted, the series resistance approaches the model Rp value of 18
megonms as the frequency approaches zero. The time constant of this unit is
equal to R _C_ = 45 milliseconds. This corresponds to a turnover frequency

of about 360 Hz. Around this characteristic frequency, the dispersion in Rs
assumes rapidly decreasing values, while the dispersion in XS assumes a flat
maximum (see Figure 3-2). Hence, Rs will be subjected to the greatest

error at frequencies between 100 and 1000 chms by slight changes in the fre-
quency of measurement, while Xg will be somewhat insensitive to such changes,
Frequencies reported in this work are the nominal ones; for example, the

1000 Hz was actually sampled by the computer as 1007. 33 Hz.

When the simple R Cp unit was replaced by the basaltic rock sample in the
feedback of the operational amplifier, the data in Table 2-2 were obtained.

Table 2-2. Frequency Variation of Basalt (I) Impedance Parameters

Frequency Rg -Xg -
(Hz) (megohms) (megohms) (degrees)
1000 2,77 5.28 62. 3

100 16. 99 32.15 62.1
10 99. 88 110,76 48.0
1 355. 84 197,30 29.0

As expected, the values obtained at 1 kHz are in good agreement with those
measured with the bridge method. The data at the lower frequencies of 100,
10, and 1 Hz deviated markedly. Thus, a simple RpCp model cannot describe
the impedance behavior of rocks, More complicated models are therefore
needed to simulate the electrical behavior of rocks. One such model is des-

cribed in Section VII of this report.
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SECTION III
ROCK IMPEDANCE AND ELECTRODE EFFECTS

Room-temperature measurements were made on seve"xl'al dry samples of
basalt, granite, and quartz. The following results show that impedance data
on rocks at audiofrequencies adhere to a circular arc, or series of arcs,
when displayed in the Argand diagram. Finite rock resistive and reactive
dispersions were evident at characteristic frequencies, which permitted
evaluation of rock relaxation time(s).

IMPEDANCE PARAMETERS OF DRESSER BASALT

A disc basaltic sarnple (II) containing Si02, Fe304, A1203, Ti02, CaO, and
MgO in the percents* 48.42, 6.6, 15,23, 1.9, 8.35, and 6. 4, respectively,
and measuring 0.635 cm in length and 6 .41 cm2 in cross-section was suppiied
to Honeywell by the Thermal Fragmentation Group, Twin Cities Mining Re-
search Center, U.S. Bureau of Mines. Silver electrodes were painted to the
circular surfaces of the rock and contact to the electrodes was made with
copper wires. Replication of the impedance data at 14 different frequencies
and at time intervals ranging from several minutes to three weeks, as well
as with repeated electrode applications to the cleaned rock surface gave
fairly reproducible results. The standard deviation at the high frequency of
2 kHz was 3. 8 percent of the mean in Rs’ and 2. 6 percent of the mean in Xge
At the low frequency of 0.05 Hz, standard deviations of 3.7 and 8, 1 of the
mean in Rs and XS. respectively, were calculated.

*Chemical analysis of the rock samples are taken from a recent
report by Lindroth and Kranze (Reference 4).
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The reactive component of the measured impedance is plotted in Figure 3-1
against its corresponding resistive Ccomponent at a series of frequencies. The
least-squares circle fit to the data was determined and plotted in the solid arc
of Figure 3-1, The experimental points were found to deviate from the fitted
arc by a standard deviation of 2, 44 percent of the fitted radius, Inspection of
the data in Figure 3-1 suggests a value of 16. 4 megohm for the d-c resistance,
Ro’ of this basalt sample. A rock phase angle , ¢, of 29 degrees was also
measured for this sample,

When the data were displayed in a log frequency plot, Figure 3-2 was obtained.
Curves A and B have been drawn through the series reactance and resistance
data, respectively. Careful examination of these curves indicates three
dielectric relaxation peaks. The main peak appears at a frequency of 21, 8

Hz, which corresponds to a turnover frequency, Piadec’ of 136.9 radians per
second, and to a relaxation time, 7, of 7.3 milliseconds. A second, well-
developed relaxation peak appears at a frequency of 1.7 Hz, corresponding to
a relaxation time of 93, 4 milliseconds. A third relaxation peak d<ppears to be
anticipated at frequencies less than 0,01 Hz., In agreement with these obser -
vations, the Rs curve shows two definite dispersion. regions.

A major emphasis in this work was to represent the process(es) responsible

foi* the impedance or dielectric circular arc by a single time constant, rather
than a distrioution of time constants. Splitting of the data into 3 overlapping
circular arcs will obviously yield three characteristic times, each representing
one of the circular arcs, and hence characterize a given relaxation process.

The first dispersion, @, appears at a frequency which coincides with the

first and main relaxation peak in the series reactance. A Second dispersion,

@y» Occurs at a frequency of 0. 05 Hz, somewhat displaced from the second
relaxation peak., A third dispersion may be anticipated at frequencies below
0.01 Hz, In conformity with the adopted notations in dielectric dispersion,

we will reserve the symbol & for rock dielectric dispersion in the low-frequency
range (below 10 kHz). The symbol B will be used for dispersions in the

Z9506-3007
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(MEG)

X_

(CENTER)

o DATA
~—— LEAST SQUARES CIRCLE FIT

Figure 3-1, Argand Circular-Arc Plot for Dresser Basalt

Figure 3-2. 'Dispersion of Impedance Components of Dresser
Basalt and the I :laxation Time(s)
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medium frequency range; i.e., between 10 kHz and 100 mHz. The symbol ¥
will be adopted for dispersions at frequencies beyond 100 mHz. Each of these
dispersions may split into more than one subdispersion, such as the a, @,

. » . etc., of the a-dispersion investigated in this project. Each of the dis -
covered dispersions should correspond to a certain relaxation mechanism of
& substructure or "structon” within the rock. Huggins and Huggins (Ref. 5)
recommended the use of local structural groupings as the basic structural
units. They used the term "structon' to signify a specific iype of atom(s),
with specific kinds and numbers of close neighbors,

IMPEDANCE PARAMETERS OF GRANITE

A sample of charcoal gray granite from St. Cloud, Minnesota, was suppl'ed
to Honeywell by personnel from the Thermal Fragmentation Group of the Twin
Cities Mining Research Center. The sample analyzed (Ref. 4) 63.5 percent
$i0,, 15.6 percent alumina, 4.1 percent CaO, 3.6 percent Na,O, 3.6 percent
K50, 4.2 percent CaO, 2.7 percent FeO, 1.8 percent Fe,O,, and smaller
quantities of manganese and titanium.

The impedance data of granite followed the same pattern as that of basalt,
except that the semicircular arc was ot easy to close at the low -frequency
side. Resistive and reactive components for a cylindrical granite sample

0. 148 cm in length and 3.67 cm2 in cross-sectional area described a segment
of a circular arc when plotted in an Argand diagram. Computer extrapolation
of this arc to its point of intersection with the resistive axis yielded a value
of 4.8 ¥ 10° ohm (about 5 gigaohm) for Ro. The preceding basaltic sample
has an Ro value of 16.4 megohm. if a basalt sample of the same dimension of
granite had been used, its Ro value would be

0,148 6.41] _
16.4(m) ‘3—67)— 6. 68 megohm

]
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. The d-c resistance value, Ro’ as determined by extrapolation of the impedance

vector to zero frequency, is therefore about seven hundred times higher for
granite than for basalt of similar shape and dimension, This result is con-
sistent with the fact that granite contains 30 percent more of the covalently

coordinated, and hence nonconductive, silica tetrahedra. Basalt has more

iron, calcium, and titanium, although somewhat less sodium and potassium
than granite.

IMPEDANCE PARAMETERS OF QUARTZITE

Sioux quartzite, with a bulk density of 2. 64 gram cm-3,A was used in the
following experiements. The source location of this type of quartzite was
Jaspar, Minnesota. Its chemical analysis (Ref. 4) indicated 97. 84 percent
silica, 0. 87 percent A1203. 0. 81 percent CaO, 0.25 perccat FeO, and 0. 27
percent Fe203. As with granite, the impedance parameters of quartzite
were very large, in the gigaohin range, at low frequencies. A quartzite disc
sample of length 0,61 cm and cross-sectional area 18. 8 cm2 gave an extra-
polated Ro value of 4.5 x 109 ohms. When corrected to the same dimensions

of granite, this value should be modified to

0,148 18.8] _ 9
10 ‘061,‘367 = 5,6 x 10° ohms

Hence, the quartz d-c resistance is about 20 percent higher than that of granite,
and about three orders of magnitude higher than that of basalt. Thus,

it appears that the rock's impedance parameters are not only a ffected by the
quantity of silica that it contains, but also by the quantities of volatile oxides
within the rock.
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Under given environmental conditions, impedance results changed markedly
by changes in the rock humidity, despite the reasonable repeatability of
impedance data obtained with a given rock sample. In particular, impedance
measurements on quartzite were found to be extremely sensitive to ambient
air moisture, which contributed a great deal to d-c drifts, With basalt and
granite, the data were not as sensitive to room moisture as quartz, and it was
possible to study the effect of humidity on their impedance parameters.

EFFECT OF HUMIDITY ON ROCK IMPEDANCE

Tke effect of moisture content has been examined with a basaltic sample (II)
and the data are shown in Figure 3-3. Curve A in this figure was obtained with
the rock sample as received from the customer; no attempt was made to con-
trol the rock environment. Curve B in Figure 3-3 was obtained when the
basalt sample was baked with electrodes attached in a 110°C oven for 19 hours.
After baking, the sample was immediately placed in an airtight desiccator and
allowed to cool to room temperature for the following 24 hours. The resulting
me=surements indicated a significant increase in irﬁpedance at frequencies up
to 500 Hz. Above 500 Hz, the humidity effect on impedance parameters is not
very pronounced, While the Ro value for the unbaked basalt was 16. 4 megohm,
the value determined when the rock was baked is about 45 megohm.

Chemical analysis of Dresser basalt (Ref. 4) indicated the presence of 0. 14
percent water in the rock and a loss of ignition (LOI) of 2, 26 percent. By
contrast, the granite sample and the quartzite sample contained 0. 11 and 0. 08
percent water, respectively, and showed a loss on ignition of 0. 59 and 0. 32
percent, respectively. Upon ignition, not only water is lost, but some of the
volatile oxides such as NaZO and KZO which are not bound in the silicate struc-
ture may also sublime. When these volatile oxides are attached to the nonvola-
tile silica tetrahedron, they are in the form of a solid solution of alkali silicate,

Z9506-3007
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2 4 6 8 10 12 14 16 18 20 22 4 26{8333; 3.43.63‘8
R [megf2]

A - Rock at ambient room environment

B - Drv baked rock in desiccator
Figure 3-3. Effect of Moisture on the Impedance Semicircle
of Basalt (II)
and the alkali will thereby be prevented from sublimation. A free alkali
metal oxide unit in the rock will show a higher LOI ; will also be easily
leachable with water, and thus will contribute significantly to the rock con-
ductivity. Thus, the alkali content of a rock as shown by chemical analysis
will not be the decisive factor in determining the rock conductivity; rather,
the mode by which the alkali oxide enters the rock structure appears to play
the predominant role. Because of its higher LOI, Dresser basal! appears to
have more of the mobile sodium and potassium ions, which contributes
greatly to its higher conductivity relative to granite and quartzite.

ELECTRODE EFFECTS IN IMPEDANCE MEASUREMENT

Measurement of electrical impedance by conventional, two-electrode techniques
involves passage of a working current through the sample. At frequencies
below 1 kHz, passage of current in the electrode-th'ough-sample junction
produces an interfacial phenomenon, which manifc sts itself as an additional
frequency dependent electrode polarization impedance (Ref. 6).

29506 -3007
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The magnitude of electrode polarization impedance is generally inversely
proportional to frequency or some power of frequency. Warburg electro-
chemical law (Ref. 7) is a special case in which this power is 0.5. In the
four-electrode configuration, the current through the measuring electrodes
can be minimized when they are properly designed with sufficiently large
output impedance, and hence the electrode polarization artifacts can be
minimized.

Shedlovsky (Ref. 8) attempted to eliminate electrode polarization by selecting
different pairs of electrodes at different separations. Assuming constant
polarization effects at each electrode, difference measurements can be made
to determine the true sample impedance. At very low frequencies where
electrode polarizations are severe, Shedlovsky's method may require finding
differences of large numbers with resultant loss of accuracy.

ELECTRODE IMPEDANCE IN CYLINDRICAL ROCKS

Thin slices were cut from a long cylindrical rock sample. The same electrode
material was applied to both sides of the rock sample (with the longer length

d, and for the thinner rock sample whose length was d'). The total impedance
measured with either rock sampie is

Zm = Z'i-Ze (3-1)

where Zm is the measured impedance, Z is the true impedance of the rock,
and Ze is the electrode impedance. For the long example,

z =g (4] (3-2)
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and for the thin sample,
dl
2t -t (3] (3-3)

where £ is the rock impedivity and A is the electrode area. Impedivity § is

the vector summation of resistivity ¢ and specific reactance X, thus

g =p*iX (3-4)

By separating the real from the imaginary variables, identical relationships
to those derived for Z will result for electrode resistance R and reactance
Xe’ Substituting from Equation (3-2) and (3-3) into (3-1), one obtains for the

long sample

z_ =% (ﬁ) + 2z, (3-5)

and for the thin sample

_ g -
2 < 8 (12, 50
therefore,
. d
i@ _ = - J
Zt -z _df B (3-7)
m e

where B is the ratio of the lengths of the two rock samples. Solving Equation

(3-7) for Ze, one obtains:

Bz'm "Zm
i (8 -1)

(3-8)
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Separating Equation (3-8) into its real and imaginary parts gives

BR! -R
. m m L
Re el (: By e (3-9)
and
pX' -X
_ m m [

A thin slice of height 0. 152 cm was cut from a basalt cylinder. The length of
the remaining long cylinder was 4. 08 cm. Hence, B =26.8. Circular silver
paste electrodes, each of area 3. 75 cmz, were fastened to each side of the
two cylinders. The impedance data measured on these two rock specimens
are shown in columns 2, 3, 4, and 5 of Table 3-1. Re and Xe calculated

from these data with the aid of Equations (3-9) and (3-10) are given in columns
6 and 7 of Table 3-1.

By subtracting the data in columns 6 and 7 point by point from the corresponding
measured impedance data, and multiplying each resulting number into (A/d),

the basaltic specific resistance, P, and reactance, X, were calculated and
recorded in columns 12 and 13 of Table 3-1.

A check on the validity of this technique was made by cutting a third section
of the basalt sample with length 0. 150 cm. Repeated measurements on this
third sample gave data which agreed closely with those just reported. The
specific impedance data for this third sample were calculated and found to be
within a 1-percent er or from those recorded in Table 3-1, This agree-
ment supports the technique of correcting for the electrode -impedance arti-
facts and lends credence to the validity of our impedance measurements,
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, |
In nearly all the measurement in this! report each rock safnple was cut into
two unequal lengths and the ratio B of the two lengths was ‘accurately deter -
mined. The computer program was modified to automat1ca11y correct for
electrodes by Equations (3-9) and (3 10) before the final data of p and X were
displayed. 3 N ;

|
In a similar manner, the electrode corrections for g;'anite were appli:éd and
the data in Table 3-2 were obtained. The :plots of the specific redctance X
against the specific resistance p ata series of frequencies for bagalt,
granite, and quartzite are shown in Figure 3-4. ‘The impedivity of each of.
these three rocks expressed in (ohms x meter) is thus determined at fre-

i e

quencies between 1 and 2000 Hz. ‘ ‘ | "
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SECTION IV

TRANSFORMATION OF COMPLEX IMPEDANCE DATA
TO COMPLEX PERMITTIVITY DATA

An important phase of this research has been concerned with the development
of techniques for the extraction of the real and imaginary parts of the complex
permittivity, =%, from their impedance counterparts, namely the imgginary

and real parts of the electric impedance, Z.
The admittance vector, ’-17, is defined as

T = G + juC,, (4-1)

where G is the conductance, w is the angular frequency, and Cp is the parallel
capacitance of the medium. Hence, admittance is conceptually related to
parallel circuit components. In terms of this vector, one can define the

admittivity, ¥, of the medium by
T=9E=(+jw')E (4-2)

Admittivity, therefore, relates the current density vector, T, to the scalar

potential difference, E. If the medium is simulated by a simple parallel Rpcp

combination, then the parallel resistance, Rp’ would be inversely related to
the rock conductance, G, and per unit volume to the rock conductivity, o.

The parallel capacitance, C’p, is similarly related to the dielectric permittivity

(its real component ¢'). In this report the dielectric constant, X, of the rock
is defined as the ratio of its dielectric permittivity, €, to the dielectric per-

mittivity of free space, € e
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By contrast, the impedance vector, Z, is related to the series resistance, RS,
and series reactance, Xs, of the medium; thus,

2‘=Rs+jx'9 (4-3)

Ohmr's law may be written in terms of an impedivity vector, ¥; thus,

T.-%2-g (4-4)
where € =p + JX, p being the rock resistivity, and y its specific reactance,
Impedance is, therefore, defined as that vector whose dot product into the
current vector yields the Potential difference, a scalar quantity, Comparing
Equations (4~1) and (4-3), and remembering that impedance is the inverge
vector of admittance, it becomes apparent that both R8 and Xs are neces-
sarily frequency dependent.

Rock impedance data are presented in terms of the series equivalent circuit
parametei's because these are the parameters that are eéasy to measure with-
out previous commitment to an exact electrical analog or model to simulate
the medium, [n addition, the series Parameters can elegantly display a
circular arc in the Argand diagram when Xs is plotted as a function of R,
both measured at the same frequency,

Equation (4-3).
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Assuming that the rock system can be represented by the simple Rpcp unit,
one can use Equation (A4) in Appendix A and (4-3) to obtain

F R2+X2 R2+x2
Z = SR S +j Sx [ ]
P P
2 2 1 o Al
= (R, + X )[ﬁ- +]x—]
8 S P P
7 - 12|% (G +jwC,] (4-5)
P P

For normalization purposes, one must use spc. «fic quantities for the rock
gsystem., This is achieved by multiplying both sides of Equation (4-5) into A/d,
where A is the area of tive electrodes attached to the rock and d is their
distance apart. This w=111 transform impedance to impedivity §; thus,

:l'gIz. [Gp (%) + ijp lg)]

lg]2 o+ jue ']

€

ju |82 [-38 e +¥e.] (4-6)

ju lgff [e’ - je”]

julg1% e (- %]

Here € is the permittivity of free space (8 85 x 10-12 farad per meter), and
the rock conductivity g defines (Ref, 9) the imaginary part of the dielectric

permittivity, ¢’’, according to

’

o=we' =uwke, (4-7)
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Using the complex dielectric permittivity, e¢*, as

ex=¢’ - je’ (4-8)
-
and complex dielectric constant, X*, as s .
o ) K
Kx e X/ o g0 (4-9)

Equation (4-6) becomes
€ rjolel? -3
= u g% ex

Equation /4-10) gives the relation between the impedivity vector and the dielec-
tric perniittivity vector. Using the vectorial notation

g =g e (4-10)
Into Equation (4-10) one obtains

. jO
ex : =-J£J

N TTLAATY

« Pl

~olel

Equation (4-11) signifies that the permittivity vector can be obtained from the

(4-11)

impedivity vector by rotating the latter through (3n/2) and dividing through
W |;|2. These operations are diagramatically illustrated in Figure 4-1,
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Figure 4-1, A, Transformation of parallel circuit with frequency inde-
pendent parameters to isoimpedic series circuit gives a
semicircle in the Argand diagram,

B. Diagram to show rotation of impedance vector to give
dielectric permittivity vector,
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The conversion of impedivity data to complex permittivity data in a real system

will be described in Section VII where a workable model for
will be develcped.
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SECTION V
RESISTIVITY AND DIELECTRIC CONSTANT OF ROCKS

The principles presented in Section IV and implemented in Section VII to include
real systems, were used to compute values for the dielectric constant of two
basaltic rock samples and one quartzite rock from the experimentally mea-

sured impedance parameuters.

Basaltic sample (III) was obtained in the form of a cylinder with diameter 2,17
cm. Thin slices that measured 0.30 and 0, 61 cm in length were cut from this
sample. The ratio A/d for the thinner slice was 0.1232 meter and for the
thicker slice 0,0618 meter. The electrode impedances were calculated with
the aid of Equations (3-9) and (3-10) for the two slices, The electrode impe-
dances were subtracted point by point from the corresponding measured
impedance values, The resulting data were then multiplied into (A/d) to give
the specific resistance and reactance of basalt., Photostatic copies of the
computer output for the two basaltic slices are shown in Tables 5-1 and 5-2.

Dielectric permittivity at each frequency was calculated by the procedure
described in Section VII. The Cole-Cole plots resulting from these data are
shown in Figures 5-1 and 5-3 for the 0, 30- and 0. 61-cm slices of basalt,
respectively. These figures can be considered to be in satisfactory agreement
within experimental error. The diciectric dispersion curves for basalt are
shown in Figures 5-2 and 5-4 for the 0.30- and 0. 61-cm slices of basalt, The
relaxation times calculated from either the maximum in the loss factor, ¢’’,
or the inflection point in the ¢’ curve were found to be 16, 6 and 13. 4 milli-
seconds for the two basalt slices. Since the experimental measurements on
both slices were completely independent of each other, the derived values of

relaxation time are considered to be in reasonable agreement,
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Table 5-1,

ENTER NS,AOD PUT SSW1 UP POR ELECTRODE CORRECTION
969.12317
Kk=1 7/2/71 AoD=:  #,12317
RQ RS x$ RAOD
5.999 931.01%6 -1.22.4131 11,6732
§.139 433.0498  -197.6160 33,3387
g.201 376.8926  -214,2601 46.4219
7.40) 37,3906  =273,3842 37.8839
g.601 227,.P%4h  =224,0116 27,9631
g.801 267.1763  -233.4711 32,9081
1.992 236.3063 -210.7373 29,1388
2.012 131,
219 ~169, 744 18.601%
4,922 89,2808 12,6617 15,9978
6.099 -99.1338 8.1623
19.932 -67.223 3.0639
20.072 ~41,708) 3.4376
6f.09% -23,1228 1,3189
TTRT LY -17.3937 1.8696
241,342 3.413) -10.0668 l."’
63,448 1.3968 «3,.7583 g.1729
1909.17% 1.1344 2,227 g.1622
1399.434 1.0483 -1.3610 5.1291
2023.783 #.9939 -1.1397 g.1113
RS,XS CIRCLE P1T RESULTS- CIRCLE CENTER = 311.1931
RADIUS = 638.4723
rxr s 3.4732
Res  1930.9866 RINFS -3,6093
MODEL PARAMETERS = R1 s 1343,4873/FRQ
RP =z 1§39.3872
cP s §.1701E-0)
cPz §.1300328-04
TAUS  16,6J43UMSEC EF=1771.1337
1] err
=0,168186E g4 -§.831248E 2
=0, 1637818 g4 -, 106640€ #3
§. 163703 §& <-f.124702¢ 3
=f,137162E S% -F.178940€ §3
-l.x!zx)zz =f.217142¢ §3
-f,207313E §3
~§.272140e §3
=§.35260%e §)
-§.422121€ §)
o MUBUBNE §)
N =§.439783€ §3
-f .652!!!! -f.432068€ §3
65,096 -F.393816E §y <=§.320979€ §)
195,606 <f,298123E §3 <§.261763€ §)
201,342 =§,199427¢ §3  -F,190306E §3
643,048 =F,994948E J2 -, 107468E §)
1909,17% -p,697%22¢8 §2 -§.8079)33¢E §2
1309.434  -§,318329€ lz =§,642934¢ §2

2923,
NUNRRRNRREN STOP nlnnnnnnnnn

5-2

0.30 cm slice

g h11407E

=§.3428938E
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EINPs

Impedance and Dielectric Data on Basalt (III).

AMPLITUDE CORRECTED

PHASF AND
XAOD PHL

=13.0776 -7.4914
24,3404 -24,5307
=26, 3904 -29.6201
33,9437 41,8617
-27,3913 4b,6181
=31,4664 43,7203
-23,9363 41,7033
=20,997% 4§, Joug
-14,839% 33,4979
-12,2129 =36.2¢80
-8.2799 =30, Slieh
-3,1372 -36.0617
-2.8480 65,1361
-2,1426 -$7.9147
-1,2398 71,2624
-f.4627 «69,6079
-§.2762 62,7682
-§.1923 -36.1132
T ISTT [ -31.3834

379.7389

1, 77677

z .
939.9208
76,9906
433,3383
412,9874
318.9329
369.6602
316.7733

227.2029
130.998)
119,2613
78,0073
30,2753
23,4819
18.773%9

19,6297
2,5223
1.000%
1.4346



Table 5-2. Impedance and Dielectric Data on Basalt (II1)

MORE
OONE

ENTE
ges,

61

K2-1

FRQ
p.999
g.210
g.602
p.602
.0

PS5, 440
1909.176
1512,.208
2925,788

5-3

0. 61 cm slice.

rvam

RS
1600.6872
65,5488
551.9668
552,7698
459.8779
Sh2,4764

150,7622
90,7915
[T
56,5092
20,5684
16,1226

5.968%
2.4719
2,0572
1.9527
1.9259

RS,XS CIRCLE FIT RESULTS-

1659.6567

ADDs

s
«292,5141
«296.0419
-568.5069
-412,9792
345,419
552,4679
425,5149
«297,8154
-228.6871
-172,9509
«151.9049

-00,4668
46,5154
«58,685%
«19,9417
-7.5758
WY
-5.0859
-2.1429

CIRCLE CENTER
RADIUS
404

RINFE 16,5679

MODEL PARAMETERS = R} s

RP s

4P16.5664/rRQ
1667.9946

cP s §,0516E-F4

crs §.605079E-05%

TAUs

18, 40942

FRQ
p.999
291

MSEC

er
-f,164029E
-f.160918¢
-f§.136228¢
-f.152522¢
«§.129566€
-§.126515€
-0, 115659¢€
-§.171891¢e

EP=1496.9577

(1]
-0.585180€
-§. 8650508
-0.126864¢
~0.158669€
<0, 184666E
-5.207210€
-0.206185¢
-§.561800€

R NS‘AOD PUT SSHI@FDI ELECTRODE LORRECTION

f.06184

RAOD
96.6166
589804
32,9968
52,9464
27,2029
55,5466
19.695)
11,6540

8.0051

4,9767

5.5708

1.2719

X 129

s 017.1566 $512,9149

s 978.6765
s S.4208

el
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PHASE AND

XAQD
«18.0765
-18,3072
22,7761
25,5596
«21,2569
54,1646
«26,1992
18,4169
14,1429
-ll.tl]l

=9.5957
=5.4798
«2,064)
-2,2067
=1,2552
f.4861
-1.2750
-5.:877
-§.1825

AMPL1ITUDE CORRECTED

PHI
«11.7099
25,1599
«54,6994
=57.70448
-57.90828
45,5262
-$5.0654
-58.1687
60,2678
-62.2906
-62.0904
58,5648
66,0591
68,4127
75,5451
71,4758
-65.2502
57,2667
49,5692

NPz 14,06502

Z
1650.8562
696.5999
647.9226
676,.70804
$59.0571
T76.,2788
529,005
350.5502
268 ,6224
195.2262
171.9082
195.9116
sA.6771
$8.5766
2.01%7
7.7788
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Figure 5-1. Cole-Cole Plot of Dresser Basalt Data on
0.30-cm Slice

: L 1] | 10 100 1000
FREQUENCY, H2

Figure 5-2. Dielectric Constant of Dresser Basalt as a Function of
Frequency [ (a) Real Part of Dielectric Constant, k’;
(b) Imaginary Part, k’’]. Data on the 0. 30-cm Slice;
Relaxation Time, 7 = 1€, 6 msec,
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Figure 5-3, Cole-Cole Plot of Dresser Basalt Data on

Figure 5-4,

0.61-cm Slice

8 i i "
0.1 1 10 100 1000
FREQUENCY, W2

Dielectric Constant of Dresser Basalt as a Function of
Frequency [ (a) Real Part of Dielectric Constant, x';
(b) Imaginary Part, k ’’]. Data on the 0. 61-cm Slice;
Relaxation Time, T = 13.4 msec,
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Table 5-3 summarizes the impedivity and dielectric permittivity data on the

two basalt slices. The d-c resistivity of basalt, P s 18 estimated as 1,27 x 108

and 1,00 x 108 ohmmeter for the thin and thick slices, respectively, These J
resistivity data appear to be internally consistent with each other and are in
agreement with the value 1,26 x 108 ohmmeter reported in Parkhomenko U
(Ref, 10) monograph for dry basalt. The agreement is surprising in view of

the anticipated differences between the Dresser basalt and Parkhomenko's

most probably Russian basalt (origin not given), Table 5-3 also shows that

the zero frequency dielectric constant of basalt is 1, 77 x 103 and 1, 50 x 103

for the thin and thick slices, 'The internal agreement in this case is also

acceptable. Parkhomenko (Ref, 10) reports that at low frequencies of 102 to

104 Hz the dielectric constant may assume very large values (103 to 105).

Keller (Ref. 11) observed that the product of the dielectric permittivity at low
frequency, € into the resistivity at low frequency, Py is nearly a constant
characteristic of a particular type of rock. For rhyolite and basalt, the
average value of Po€o i8 0. 63 sec with the range of 19 values from 0. 25 to

26 sec, Average values of this product varied from 1.4 x 10°3 for basic
igneous rocks such as gabbro and chromite to 10. 8 for the hematite ore from
Minnesota, which containg appreciable quantities of electronically conducting
materials. The data in Table 5-3 also show that the products po}cq',er and
Po¥ € are equal to the relaxation time for both the thin and thick samples of

LA
basalt,

Similar experiments to thoge performed on basalt were run on a cylindrical

quartzite sample (II) of 2, 22 cm diameter, 0. 955 cm length, and an (A/d) ratio
of 0.0406 meter. The computer output data on thig sample are shown in

Table 5-4, From the present data, one can calculate the d-c resistivity of
quartzite, P o from the observed value Ro of 31737.9 megohm, thus [

Py = R (%-) =3.17x0.041 x 10'% = 1,29 x 10% ohm-meter

Z9596-3007
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milliseconds.

dielectric constant at the time of zero frequency, X'’

5-7

o

The relaxation time of this quartzite sample is also calculated to be 60. 3

Parameter ' | 10.30cm Slice| '0.61 cm Slice
dc resistivity, Por Ohm mieter | 1.27x 10-‘8 1.00 x 108 .
l ¥
infinite frequency re51stw1ty, 1.06 x 106 1.01 x 106
P2 Ohm meter .

"model parallgl resistance, Ry | 8.89x 101 ., 6.87 x 104
ohm/(meter) '
model capacitance, Cp,' farad |’ 1.3 x 10-5 6.8x 108
relaxation time, T, second 16.6'x 10“3 13.4 x 10“3
zero frequency dlelectmc 1.77x 103 | 1.50 x 103
constant, X , |

o . ; -
infinite frequency dielectric 14.8 14.8
constant, ¥ C

m,a.'ximum dielectiric constant, 4,6 x 102 4,2 x 102
K max I ’ - *

o X'_e_, second 16.4 x 10 13.1x 10”3

o ®°r ; :

b, ¥' ¢ second 16.6 x 1070 | 13.2x 103
o r : I .
' ! !
s
)
!
!
. !
Z9506-3007 |
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The real component of the dielectric const;ant at infinjte ﬂre—

Table 5-3. Electric and Dielectric Parameter's of Dresser Basalt (III)

quency, ¥ ', is determined as 5, 29, Also, the real component of the qua.rtmte

3

, is found to'be 3. 95 x 10",
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Table 5-4, Impedance and Dielectric Data on Quartzite (11),
5 0. 96 cm Slice

l i
ENTER Ns AOD PUT SSw) up
97605052 |

H3 #8/26/71

FRQ . RS g
1.001 96,0527 -
i 2,004 858.¥356 -
] 4,039 473.6096 -
6,017 329,4869 -
8.926 299,3496 -
. 098 285,1741
20,153 294,2329
49.161 ' 137,.3826
66.168 26,9835
I 79,872 ~43,7361
99,800 -32,5157
; 201,884 -14,8709

584,242 -2,9886
) 998,185 g.6537
1506,591; - 1,766
2022, 059 2,0117

25%7.59“ 1.2?96

RS,XS CIRCLE FIT‘RESULTS-
i

Rf= 31737, 8828

MODEL PARAMETERS - Ry =26
; 0 RP = 3
! cPp =9y
CP= §,189275E-45
i o
TAU= | 64, 30515M5EC
i FRQ EP

1.001  g.281805¢ g4

2.80%  §,223135F gy

4.039  #.159191F gy

i 6:817  #.125202> g4
8.026  #,1¢3396F gy

.08 §.884613F 33

20,153  §.516610E ¢3

40,161 0.291078¢ g3

60.168  g§,205644F 93

79.872  #,160841E §3

i | 99.800  g,132528¢ g3
. 201.884 g,721628F g2
504,202  g,339892F g2

998,185 ¢, 20u895€ g2

; 1566.591  ¢,156443¢ g2
i 2022,.959  #,131578F g2

2537,594 £, 116534E g2
ﬂﬂlﬂﬂlllull sSToP RN 20 3¢
!

FOR ELECTRONE CORRFCTION

v .

CIRCLE crliTer =1589¢, 1699 1622, 5833
RADJUS =1593“.5625
FIT = glegsy

RINF= |, 42,455)

8343,750/FRQ
1695.4258
+906PE-1#5

Ef=3951,31494 FINF=  5,28559

EPp
#.1272856 gy
f.172918¢ gy
F.166165€ gu
#.138837F g4
#.115927€ gy
9.989096€ g3
#.5572u0F g3
f.301209€ g3
§.208085€ g3
f.160254¢ g3
#.130u02c g3
#.677588E g2
£.288582€ g2
§.152495¢ g2
5.193800E g2
f.788417€ ¢

. 1-637630E g1
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AOD= ¢, guge2 PHASF ANN AMpLITUNE cCOnNRERTEN
Xs 0on _]AQE PH1 4

4305,7529 36,8039 -174,899 -78.1225 LY LTT
3565.0869 34,8534 <1u4,8138 =76.4732 3666,.8882
1959.47¢7 19.238¢ ~79.5937 =76.4177 2715, 8948
1296,.3813 13,3838 =52,659y =~75.7453 1337.5972
1046, 7861 12,1596 -h2,5295 =74,.11465 1188, 7478
-825.8511 11.5838 =33.5461 =78.9549 873.7014
=513.6184 11.9517 ~20,8632 -6#,1976 591.9265%
=395,5394 5.5805 -16,1662 =70.8516 418.7188
i =291.p387 1.0595 -11.022y =84, 8854 292,215
=229,9436 =1.7766 =9.3403  -1fg, 7760 2344664
-183,8712 =1.32¢8 =7.4364  -1p8,d7R7 185,9364
=75.4577 =p.6g41 -3.11651 =111, 1562 76.97191
=24,6946 -f.1214 =1.5031 -96,9175 2L, B7up
=11.1146 g.E265 -f.u515 ~86,Cugy 11,1338
=7.0869 g.8717 -f.207¢ =75.1968 7.2979
’-5.2798 g.re1y =f.2145 =69.147¢ 5.65(1
~h.3307 g.8519 -f.1759 =73.%441 b.Stse
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SECTION VI

EFFECT OF WATER AND SODIUM HYDROXIDE PRETREATMENT
ON ROCK ELECTRIC AND DIELECTRIC PARAMETERS

The presence of underground water ahead of excavation can be detected in
principal by electrical resistivity probes. A major emphasis of Honeywell's
rock impedance research is to determine the impedance or dielectric param-
eter that exhibits the largest change in value by the presence of small quantities
of entrapped water. To define these parameters, basaltic rock samples were
subjected to planned water treatments, Their impedance and dielectric
parameters were measured before and after these pretreatments, so that

each sample acted as its own control standard.

Previous workers (Refs. 12 and 15) have shown that the resistivity of a rock
completely saturated with saline is determined by the rock porosity to a

first approximation. However, the pore spaces in a rock may not always be
saturated with aqueous electrolytes. In oil reservoirs, for example, oil may
partially replace water in the pore spaces. The presence of oil, natural gas,
or air in the pore structure of a rock may increase the resistivity signifi-

cantly over what it would be in a complet:ly water-saturated rock.

Rock resistivity is greatly affected by the quantity of water present. Letting
p be the bulk resistivity of the rock, I the resistivity of water as it actually
exists in the pore space of the rock, and 8 the rock porosity , then

p = p,/0" (6-1)

This relationship is commonly known as Archies' law (Ref. 12). The expo-
nent n is an empirically derived parameter characteristic of the texture of
the rock. Its value varies from about 1.3 in loosely packed granular material

to about 2.2 in well-cemented granular rocks (Refs. 13 and 14).

Z29506-3007
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Pirson (Ref. 15) modified Archies' relationship by introducing a second
empirical parameter, m, which multiplies the porosity term; thus,

ple, * mo " (6-2)

LJ

The value of m varies from 0.6 to 1.3 in marine sedimentary rocks, and
appears to be related to the texture of the rock. For rocks with less than

4 percent porosity, including dense igneous rocks and metamorphosed sedi-
mentary rocks, m = 1,4 and n= 1. 6. These expressions apply only when 2
rock is completely saturated with water. Keller (Ref. 16) observed that the
resistivity of a rock increases proportionately to the inverse square of the
fraction, S, of the pore space filled with water, provided the water which
remains coats the graing uniformly. Accordingly, Archies' relatianifip
becomes

p = p O-n S.2 (6'3)

(6-4)

where o is the rock conductivity, o is the conductivity of the pore fluid at
the same frequency, and the constants m and n are approximately equal to 2.
The product of the fractional saturation of the rock, S, into the fractional
porosity, @, should yield the fractional water content of the rock. w. %nder
these conditions, Archies' law becomes

o ~o0o, X w? (6-5) l

It should also be remembered that o is approximately proportional to the l
salinity of the pore fluid.
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WATER TREATMENT OF BASALT

To investigate the effect of rock water content on its electric properties, a

. series of experiments were performed with three slices of basalt. The slices

were cut from the one long cylinder of basalt (III), hence they possessed the
same diameter of 2.18 cm, but were of different lengths. Slices Kl’ Ko, and
K4 were of lengths 0.956, 0,605, and 0.304 cm, respectlvely. The rock
samples were pretreated simultaneously in distiiled water for periods of 23
and 77 hours. After each soak, the rocks were dried in an 80°C oven for two

- hours, then cooled in a dessicator before the impedance circular arcs were

détermined,

Typical results on samples K,, Kz, and K4 before and after the water pre-
treatment are shown in Tables 6-1 to 6-9. These results show that R
decreased, after soaking the sample in water for 23 hours, to about one third
of its value before soaking. Further soaking to 77 hours increased R

slightly, but it still remained smaller than the baseline value before water
pretreatment. Typical values of R for sample K 1 before water pretreatment,
after 23 hours, and after 77 hours of pretreatment were 1031, 328, and 447
megohms, respectively. This same trend can be noticed in the results
obtained with the rest of the basaltic rock samples.

By contrast, the dielectric constant at zero frequency, }C o’ increased monoton-
ally with increase in water soak time. Typical values of }( were 1770,
60200, and 146000 before water soak, after 23 hours, and a.fter 77 hours of

.water pretreatment, respectively. The infinite frequency parameters R,

and X, did not change significantly with the water pretreatments. Furthermore,

- the impedance arc plots were very close and actually tangenial to each other

down to a frequency of 300 Hz. Below that frequency, the arcs began to
separate from each other following each water soak. Typical data on sample

Z9506-3007
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Table 6-1. Computer Output for Electric and Dielectric Data of
a oo
Untreated Basalt (Sampl:: K o
-
ENTIR N2, AUL  PUT SeWl UP FUR PLYCTRUDE CORRPCTION
el el
Lo
-1 20an ADDE  J,33916 PHASY AND AMPLITUDE COAR¥CTHD
Ry (19 X3 RAUD XACD i 2 ZA0D {7
#9999 Yeu,0177 =1115,1420 -b¥, 5059 1487,473) 30,2494
doary 333.ddide =37.850% W3, 7435 3,535
S.ple 1. 7856 643, 6%29 15,1033 LA
63,0994 466,144y 18,2562
[ 1 =63.5011 3%9,2029 e, 6508
%, 7640 63,7967 196.6817 11,6152
44,530 323529 -61.0321 174,973} $.0528 ro
“3. 709 1.711% =6b,5232 19%.6047 4,295
vp.lee 49.0p%y 1.159) =60.4031 79,2969 3. 033
To.elid, 43,1794 f.90%0 69,2034 2.7916
lop.apl dd.wlle 9.0935 RN 7] 1,300 L
LITIRIE] lT.w¥3e =Jl.pbie v.3092 =75.735¢ 1,2564
wd.le “avw/ =19.4p49 ».13% 73,3267 s.6391
Sad.olp IR TRF] *ll.4004 v ldys =13.11%9 B, 4626
il Joudie =P elded [TREL N =76.2375 #.3533
Iopd,ers de90ll . #2136 =67.156) 6.2926
LY IR {1 4,097y [ 1224 =39, 4b4y f.2541
Ivdt.0dp 4.3737 [y 111 52,4023 J. N $.1568
R2,43 CIRCLE FIT xLavlTp= CUIRCLE*CHNTER a 103%,3062 GIB.607)
RADIVS = 193),52)%
iy . $.2097 .
LI TS 3 1Y RinFa 2.71e3
HkL PAMAALTLRY =  R1 & ledyd.4lp0/PRQ
RP x  Jeni.734%
RHU & g, 1835e8 11 OrM=Ci
Cra poinsdpli=pn
TAv® e pepaliionl vaniyyven, ip? CILTA I 23 L8] ) J
Ry (14 vre
N a3 poidovadt p)

a.vvus//L py
peadlisiL »y
Pedniined p>
peddlpdll S
(IR E2LR P T Y
s.divselt w3
weldwiieL pe
w.S30iedt pv
B350l wv
[XRIXZEY 1)
de2leplld pu
wolddndlt »s
(R LTITT ) |
eyiok pi
(ITTI 9 ]
1wy 93
P.0131750 »)

VET, w,le Ful R1aG/FORY

335L3ak »3
nedpdiled p}
PodSayIeE ps
pedleyane »3
o, 1pIPeeY §3
[TRRELFIT Y]
P 743909k o
u.d353a9k oo
#.8513020 o
».3e2p908 9y
#.2118%10 pb
[ XREZe 219 1)
. 0yLlves 63
0. 7019400 #3
5950720
(IR RLT]
#.3%19760 33

Ru,Ay CIRCLY PIT KadulTa= CUIRCLE CHNTOR = 1977,dp06 735,4395

RAULUY & Z1pb, 7949
rir a $e296%
Rpx 3954.071) Rlre 3.5457

Huvtl PAXANETadas =

R1 = Zebey,i0y)/Py
L0 L LT PR T

Fe2/4 Al xP
Towwwd w30é.77%% «2365,5615 3Tv=ph
LI ILL] (& 1]
&5 L] B+
1 ¥s =4, Igbnieny
13 9. 37510 -3n
1n [ B, 36270-p4 )
SR 4TTP  ~266.493) -p,290]2-7'
s.l2en 92,0500 «169,0305 =9,20690 i
Sp.lony 35%:.5100  =119,9182 ~p, 2400
Ty.wla 333,10298 =1p.131) =@
lyw.30py d11.9197 =#2.244) -
&9 3307 ~43,9914 - (L]
Ypd. 5704 =33.9990 - 112084 )
(TYTTH 13.1 =B leThp=ph
Spd. 1394
Ipas.veen i
1%12.20l0 ol -ph
dviy.Sive ~$. 1729084

©% y,I0ivil pe MO

AN 1]
LT

VHANEROARRR TP
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6-5

Untreated Basalt (Sample Ko)

Table 6-2. Computer Output for Electric and Dielectric Data of

ENTEX H,AUL  PUT 55wl UP FUR ELECTRUDE CURRECTIDN
YN
K2=1 7/¢/71 ADO=  ¥.W0 LY PHASE ANO AMPLITUOE CORRECTED
FRY RS X$ RADD XAQD PH] 2 2A00
Pewyy  Lapp,u572  -292.31p) $0.0luy -18,4765 -11.,789¢ 1458,8342 88,4828
pedpl VAN 3455 =2Yu.pkly 58.9¥ph -18.5472 =25.3594 696,5999 43,4654
Melu2 531.9u05  =30¥,3409 52,8968 7761 =54,6994 6h7,4226 4, g119
532.7695  =412,9792 52, 94bl =25,5386 ~57,7048 674, 4884 41,6856
43Y.8779  =345,4174 27,2420 21,2369 ~37.9823 558.8571 34,5185
S8, 474k =532,4679 53,5468 =34, 1646 -k, 5262 77%,2733 47,8801
18,4520 =425,314% 19,8951 -26,1992 =53.)4634 529.8838 32,7688
18b,9092 =297.8154 11,4348 =18,4369 -58,1687 354.5502 21,678
13,7424 =228.0871 84851 =1 102y -64,2475 265,4224 16,2999
Y 7913 172,834 5.6145 ~14,6478 ~62,2946 193,2262 12,4728
p. 4770 =151, 944y 409767 -9.5937 «62, 4984 171.9852 14,6386
S, 5892 88,4008 3.5748 =5.4748 «58,3648 193.9116 6.4259
2p o084 =4t 5154 1,2719 =2,4641 =66,9591 54,6771 3.1339
14,1220 =35.6835 ¥.8735 -2,2467 «68.4127 38,5766 2.3752,
59085 =19.9417 ¥e5091 =1.2332 =73.3431 26,8157 1.2072
24,4739 =7.3730 ¥.1529 “¥. 4561 71,4755 7.7783 A.4018
2,037¢ “h .4 lhy #1264 -¥.2738 -65.2342 4,8614 g.3006
1.45¢7 “3.0350 ¥ol2y8 4. 1877 7 3.6889 8.2232
2p25./43 1.d254 =2.142y Nel1129 “¥.1325 2.0155 g7

R5,Xs CIRCLE FIT RESULTS

CIRCLE CENTER

= 817.1344 512,914

RAUIUS = 978.0765
FIT = 5,425
Rps ludp.ude? RINF= =lb,5079
HUUEL PARAMETERS = K1 = 4plu.58b4/FRQ
RP 2 lub7.pp40
Rt 3 p,lp2pdE 11 UHM=CI
CPE y uehp79E=pd
TAUZ 15, 4p942015EC Epsluye,.9577 EINFs  14,84302,
FRy (3 EPP
Weuay =y l4updYE w4 =p.b55150E pd.
Wodpl =y lupYlBE W4 = B4SMINL M2,
Veoltpd  =pol50L20E p4 =y, J208GHE p3
Vouwd =y, 154524€ p4  =p.1380LYE p5
Vel =, 1293ubk w4 =y, 104UVLE W5
Lowwd =y, J2ub15E wy  =p,2p/210E wi
dopps =p 115059k w4 =y 2844856 p3
4owdi  =p 1p1591c w4 2 5U15J8E p5
Vonly  =p.Y17730E »5 =y, 3YLBIME p3
Jou¥Y  =p.dudsut w3 =p. 4LSHMBE 5
Lyow2u =y fU5UYNE ¥5  =p 42D734E M5
2p.pn8 =y up3edTE ¥3  -P HpLBYSE P3
Upewdu =y, 354357E »5
luwe2py =P, 205449E §3
20p.0535 =M. 175364k w3
bu5. by =y, 815975E w2
w4174  =p,53w925E w2,
1512.208 =-p,395322E p2 t
2025.785 =y SPISNTE wd =P WH1V23E w2
=1 " DET. G,W FUR Rizg/Fimy
RupAs CIRCLE FIT RESULTS= CIRCLE COCNTER = 2)§65,1525 1464,8145
RADIVS = 2548,0143
FiT s 1.5794
RuE  wl4u, fop? RINF=  «22.4505
MubtL PARAMETERY = Rl 3 5459,4727/FRQ
RP = 4171,21/78
[ Felj2, R1 xP cp
»Yoryyy 301630 13938.5918 =84pb.1975 =), 1894E=y3
»eldyyb 204327 4¥99,2344% =wp24,0152 =y, 1971E-¥5
Veudd 1, 57up. Tup? =2299.711Y =y, 1415E=-05
Youpl? 1,291 3324.5472 =2555,1325 =p,1154E=§5
Neappe 1ol1/4  25u5.0308 =1845,U853 «p, 177E~¥5
loypus VeUY78  2524,48%4% =1815.1007 <, YE1YE-)4
2, pplin We/¥3b  Qu5N.N1h4 «2uSY4, 5010 <), 7515E-F4
hope2y PoUYBE  1NY5.0Y38 «B50,9392 =y,GH22E-4k
Leplp3 o4N7Y  du5.520%  -5M2,3894 =p,5271E-j4
7.9987 ¥.3556 BN LA5L  =593,4b88 =i, 5H57E-)k
lp.piul Ve3lb8  upl.5ENL =5hb, 4452 ), ROPIE-NY
2P, pu8l ¥edd33 547,5172 =225.09¥9 =), 3549E-pk
b.pygue 'R YIT] 171,4776  =115.0658 =¥, 2342E-d4
Lob.2pph Yeryy9 115.9502 =85,8875 =4, 1849E=-)4
2pp.5347 Ry ve. 5245 =65,5055 «y,1214E=pb
[T LT ) Vorkp7 32,0642 74,081 =4,5552E-45
luwy.1743 pen3le 47,9200 =145,089) =4, 1518E=p5
1512.2870 vorésl 20,5571 =142,1058 <, JUy3E-N6
w25, leey NT2Y] 45,9122 <189,1453 ~#.h155E-)6

W3 ped3/ole w4 Nz . uSG21E wy
sTup
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Table 6-3. Computer Output for Electric and Dielectric Data of
Untreated Basalt (Sample K4) N

ENTER Ns,AUD  PUT $5W1 UP POR ELECTRODE CDRRECTIDN L d

¥ey.12317 :
n=1 7/2/71 Avbs  y,12317 FHASE AND AMPLITUDE CORRECTED . .
FRY RS xs RAOD XAOD .
Yewdgy 9314138 -122,4131 11,0732, ~13.4776 113.6848
bolsy 433.049y  -197.816y 33,3387 =24, 34k 38,6308
Wedvl 370,926 =214,2641 =26.3984 33,3908
woww3 397,396 -273,3842 ~33,9437 30,8677
PobUl 227,044 <224,8118 ~27.3913 1 K o
Bobnl 297,173 -233,4711 =31.406% =
Lowpe 230,348 -214.7373 =23.9363 n.024
2,412 131,0219 =169, 7hith R
LINPP] Yio2wgy  ~l2y,6417 18,4006
'oT] [T =99,135y 14,689%
Wose, 41,1299 =»7.2239 ””:. z‘ 4
.72 W74 =41,7883 Bt
(YT .7y81 ~23,1224 3.1306
Lou,uph T.wbp2 -1/.,3987 2,317%
dwli3ue 3.4135 =ly.pboy 1.3893
[(TTRCIT 1.3964 =3.7303 £.4936
1ypY.174% 1a13ub 2,2027 1.3y
13wy, 434 Lowhys =130y 132 1.0588
223,793 T3] =1.1397 = 1ugh =31.3038 f.179

Ry,45 CIRCLE FIT HESULTS= CIKCLE CENTER =

Rys  1p3u.9peb

MUDEL PARAMETERS =

RINF=

RADIUS =
EiT =

LI ATTH

R1 = 1545,4473/FNQ

RP = 1§39,3872

RHO = . 12099E 11 OHM-CM
CPz p, 13up32E-p4

TAUZ 1o, bp43eHsSEC

FRy
»ovyy
».13p
¥odpl
Moyl
yobpl
poupl
lovwe
d.pld
It
bowpy

lwop3z
dpople
byopie
Y T TS
4pl, 342
Lp3, e
Lowyei74
15p9.434
4yd3. 793

EP
=¥elodluoE
=¥, 103741E
“Helb37p3E
“».137142E
“¥e132132€
=p.l47941E
LR LYY
=y l3p321E
=¥, 112932€
~#e 1yl INE
R X LLYTY
=¥.0b2333E
“¥.3Y3N1GE
=¥.4dyd 123E
=¥e1Y94s7t
~#.99494pE
“#.bITHLZE
“9.310329¢
¥ 4llup7t

Ed=z1771.13%7

PP
Y4 -y WIL24ME N2
1pbLuyE ¥3
1207426 93
JATH94NE 3
J217192E 43
' 47313€ 43
v 2721h4E ¥3
#4  -p 3B2GU4E p3
Y4 ey, 4221218 p3
B4 =Y HUUINE B3
¥3 = 439783E :J

-
-

»h
»h

o -

3 =y, 19u39GE »3
¥e =y, LYTHesE ¥3
B <, py7933E g2
#2 =y, bU2934E g2
pe =), 542893E y2

311.1931 374.7384
638.4723

3.4732

EINFs 14, 77477

DET, 6,1 FUR_K1=g JFHsN

K5,X5 CIKCLE FIT KESULTS- CIRCLE SENTER = 1833.3384 1869,3773

RADIUS = 1944, b4y
F1T s 1.2169
RNS 3319, 1b0y RINFE -4, 4493
MUDEL PARAMETERS = Rl = 4223.04065/FKQ
RE 2 $327,u333
4 Fe1/2 Rl xP cP

».w999 3.1633 13231,9192 «6869,2339 «§,2519E43
¥ol3nl 2,300y unap UL =3870,3408 -4, 2733E-03
T 4.2349  4471.904Y -3263.03bk -4, 243 1E-93
Vetwds 105737 3324,9424 =2220,1041 =f.1773E-§3
Vouply Lodpdd  2318,4209 <1o47,J713 =y, l6YT7E-y3
besrll 101172 2399,p301 «1432,6421 =y, 1504E-F3
lowle ¥.9992  1933,32h4 <1194, 34§35 =f, 333 1E~43
2,p123 ¥eTp49 1331, 4793 702,821 =y, LY3TE=§3
Yepdad Vohdbo 914, lh2p -473.3183 <), 8357E-p4
boupdy Vo479 7p3.2791 =331,4971 -4, 733bE-j4
ly,psds ¥e3134%  3pl,3943 24,2769 -§,b390E-H4
.72 P23 292.9994 14p, 1208 -, 33I3E-g4
[THTTY] ¥o1299 13,0439 ~4.3796E-g4
lyy.vwde »ov997 87.914p 3 «J.3267E-84
apl. 3423 Yel7ub i ,2342 “¥.2528E-94
[ETTDS poruyy lo.b172 0. 1473854
wy.l74s U3l 12,799y =29.3046 =y, 334SE-93
13wy, 4341 ¥.9437 11,3673 =37.4633 -9,2703E-43
dndy, Twe? poyaa 14,0583 49,7118 -§,138JE-543

G p.ANUTTE w4 N J,79373E 4y
st STOP e
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P 6=-7
4

3 Table 6-4. Computer Output for Electric and Dielectric Data of
Basalt Sample K, Following 23-Hour Water Soak

o~}
ENTER Nb, AUV PUT wpWl UP PUR ELECTRODE CORRECTION
-4 $79.03910 f
- Kl 9/1w/71 AODs ¥, ¥3918 PHASE AND AMPLITUOE CORRECTEO
FRy Ry X RAOO XADO PH1 2 2A00
lowps 479.4492 43,9756 14,9017 1.9178 9.942s 283.6687 111088
1.4 dopidy 490,775y =59.7574 11,6217 2,341 =11,3854 352.7513 11,8558
4,032 dvl,9543 =125.093y 9.4751 -4,9186 «27.4363 272.6168 15,6757
S.pye 65,9740 “147.597¢ 6.4996 “5.7764% “41,6316 222,4493 38,6954
18975 143. 4486 <14y, 5451 5.6418 «5.7395 45,6995 0%, 0929 ]
ip.208 v1.3979 187 3.5791 -4,2263 49,7432, 161,4252
by 480 54,5155 2.13548 ~3,3235 57,2998 155.8754
w715 38,3240 13454 «2,2194 59,5496 65,7474
. 2p) 43,4242 49,4393 ¥.9171 «1,8969 64,2011 53,0008
B~ i l3e ~48.8129 #.3859 -1,1283 71,1253 54,4512
4p5, 044 =15.6243 y.2999 -4.6118 =711.4318 16,4447
s$lg.81) ¥4.1569 -§. 3198 -66.7681 ]
liwy. 174 Je.l202 -¥.259% 63,7088
152,913 =4,3885 [ REL1Y -f.1718 56,3109
l 494y, 52y d.bdu2 =3.545) sy 4. 130y 52,4587 51661
v R, %0 CIRCLE FIT RENULTY- CIRCLE CENTER s 155,2299 4,2558
RADIUS = 145,5118
AT s G.4b11
Rys Inl.i798 RINFs S.0841
HULEL PARAMETERS = K1 s 465u7,3359/PRy
.3 RP 2 293,4994
RHU 8 p, 11418 1y OMM=CM
{ P2y, luluyit=py
TAus 4. 74134M0EC Evsl576.y3029 ELNFs  45,33224
e Py [ EPP
lowps S ISIVP8E w4 g 4p7153E ['Y]
7] Yol4PubSE ¥4  9,yb4SYbE vz
Y.p32 Vo lUBOLNE w4y, lpbE2E 3
.90 P l27234E pu $.532177€ 43
3er?d . 1210bYE 94 glw22234€ 43
dp.dud PoYYLHELLE p3 ».bOIBI4E 3
™ 4 Yp. 9L 4 THR515E w3 »e731449E ¥3

Sy 775w 4YYNNGE §3  §,537263E 43

IowoTus . 933B2ZE 93y 43skg7E 43

4940130 b.209543E »3 Y, 252091E o3

3 4u5.8%% 167308 w3 w.13guust [}
Sly 81l W 1DYOYYE #3 . LbNYMIE »

. Iowd.l7%  §,97u01bE pa, S 54p227E M2
1 15w 913 §.997329E 42 4.361082E 42
: 4929.529  §.JUV502€ W y.272659E »n

ULT. G,1 FUR R1ag/FuuN

13
! Ro,X5> CIRCLE FIT RESULTN= CIRCLE CENTER s 569.¥011 256,6362
3 RAVIVS = 624,9592
AT s Y.ohbgy
Rus 113,835y R1NE= =¥, 8539
-
} MUUEL PARAMETERS « K] s 17693.5023/Fkq
i RP = 1139,b699
]
L] 3 F=1/2 Rl xp cP
Lot YeUITT 57563309 ~1oud, 194G ¢, 96 5YE-yy
2.4d90 S 7828 2384.5439 <lypb. 1297 ~4.7230E-g4
4.p31Y #4980 1510.5702  -793,8087 4, S6YBE-NY
BT LTI Pe3515 9YL.H92Y  <biie,5887 4. Uh22Eyy
l§eplen #3151 BUB. U542 -3HD,8447 -y, 4137644
o widurs Medd2l  490.3058 204,605 -y, 324bE-ysy
1 48, 403p $.1372 40,0248 <151,9793 <y.2587E-y4
By, /55 Yo IL15 41,9777 <91, 410y <4, 2155E-gu4
108, 744y U996 19,9001 75,0945 <y, 2UBBE-yu
TS YeBTHS 128,906 81,8712 -y, 1UBYE-YY
LTI Perbyo Ll 438y 23,5509 -y, 1679E-g4
ig.ulyy »end5l dU 3507 13,0230 =4, 144 1E-4k s
lywy.1/4s »eu3in 19,8292 <11, 708§ «y. 134YE-4
15299120 »o8d50 11,9225 =9.7913 ¥, 14 79E-y4
4pdy.54wp [ TTE) ¥.3359 =B.6U64 ~¥,9y28E-95

U= M. Swl5ub w4 13§, 778NGE Ny
HUHMMIKINT ST YP RO I3 300036
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Table 6-5, Computer Output for Electric and Dielectric Data of
Basalt Sample K2 Following 23-Hour Water Soak

ENTER Wb, AVD PUT 35W1 UP Fuk CLECTXUDE CORRECTIUN

»77.p0lidy
[V AETAYT2A} AOD: 56104 PHASE AND AMPLITUDE CORRECTED
Fry L] s RAQD XADD PH] 1 ZA0D
lovwd don.5vay  =124,7794 17.8409 1.5947 -23.8555 J15,5421 19.30%
Lewiy ddu. s8] =lis. 453, 14,1183 «].9435 «29.3661 261.9593 16,199%
Wond? 115.5u9e “l7.0ui8 T.l431 -47,7316 mn 15,6194
Sovds =115, pddy .73 -kG.SIkr 9.79%5
luoway 5%, 3097 5.7148 6.6956
dy.lTs 14,9748 J.bebd 5.9118
Yy S4. 7054 “55.9puk .15 b 5710
LTS Y 19,5453 =3u./39% 1.199 31,5600
I IT IS T8 15,234} =31.419% #9421 2,1598
vl [(NTL] RUHTIN 1.2247
wpe.d/y 3. wuyy =1y, 2656 5.6707
Uv9.353 4.4821 =5.3338 #.5625
1uw7,. 320 <1147 4,308y 5.3891
1514, 404 17392 =4.958y v W22, -59.6353 f.2121
dvis.ele 1741 =d. 1794 v. 1147 =#.1345 =54.5481 F.1762
Na,X> CINCLE FIT KEaULT5= CINGLE CENTER = 41Y,2423 116.4595
RADIUS = 249,06751
F1T = LNTREH
LT TP Y KIKFe =#.510Y
HUUEL PAKWILTERS = X1 = -llu !lw!lrnq
KP = w3y, 434
RKIW 3 » 271438 1y wini=CH
CPE y, 28dpsdEmsh
TAus  lu,pe?dansec byzeysau, 593 ElnFe 53,3950y
Fra 1] (173
Lownd  =w 44400t #5 =), 08Nb20E y4
dowdy  mp JUSBNYE WD =y, YEULEME YU
Wewd]  ep.ISTISVE W5 =, 12UGRY9E ¥S
Cewdd ey 274391k B3 -y, lavSdEE 45
Ivewes ey, 2587058 03 b LUy H17E 4S
4p 178 -p 1301210 05 -p.leluvit 5
Vo258 mp l4JUOVE B5 =y, 11L9YLE S
O I8y =N YSENYVE pb ), HLDIYLE b
lopodps  =p,e39U51L w4 “oTT4937E 4
Ewlowlde =p S0740%E =y, 520 143E Y4
UNLOTU =) SNBUBYE Fe -y, SLU1GME P4
Ov9.353  =w, d170SYL M =N, Z1YVY2E b
IvwZo820  =p 187400k w4 =, 195297E y4
1504.4d6 =y o l9l1U3E wb =y, 145 IS4E L)
du330078 b LINGSLE w9 =y, 119239E pb

VLT, Goie FUR kizg/FHuy

H5,45 CIKCLE FIT MESULTS= CINGLE CEMTER = uwls, 1211 293,215¢
RADIVS = 733,856
FIT L 'Y 9!7!

o Ren A3e.ebel _ RUWFR _ 2.3878 ——
HMUULL PARAMETERS = K1 = lebuy, kuul/ruq
P 3 15,4
F Felld, 3] cp
Lounse #4973 3351,143%0 =132, ﬂul) ¥ 119%E-43
Loviph ¥e7u35  LU3T.7493  -uu4, 2229 “#.9323E-44
Yepitle 49U L1k, 3074 -534,5347 “#.7393E=44
Y.pdle ».3531 VIS UI5E  -335.3051 <), 6p 6=k
o penz VeSI55 5930402 =279,0208 =4 ,56bbESY
iyl pedddo 35704049 =173,5365 -4, 4545E=p4
“v.édle VolSTv  2dd.wud1 -luS,9plp ¥ 37I3E~4
[ITRIY] vellls Lip.du5s by, 6456 =4,3265€-44
oy, 5ues L e 1:9.0492 “51,5615 <4, 3473E=db
dvlowlin VouZud  1p7,0%98  «d¥,2352 «J,28i5E-g4
bpe.5704 [ LITY 75.2745  =15,2344 =), 2596E-44
oy, 8545 vewidl 51.106) =709341 =, d47IE-Uu
lowl.84v2 ¥ewdls d¥.dud3 -6.377) dW7RE-pY
1514, 4870 »ovdsl? 57,475, “4,3805 =4,2399E=4
4u33.¢74 Veuidl “i.bYup =3.8870 -y, 2535E=yk

LE 2 25181 w4 WS p, 553590 py
LLERERITETTTNG NPT vivie
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Table 6-6. Computer Out

6

-9

put for Electric and Dielectric Data of

Basalt Sample K4 Following 23-Hour Water Soak

ENTER Ny, AUl PUT sawl up FUR ELECTROUE CORRECTIVN

»18,22317
K /230711 Aba g, 12517 PHASE AND AMPE]TUDE CORRECTED
FRy [ X3 RAOD XAOD PH) z
loyws 143.0203 =lp3.2272 43,7753 12,7148 =20.130y 210.0967
dopls 152,3350 =lp4, Sl4s le.299y “12,8444 =30,250) 16 9
¥9.2904 “dl,17p5 14,9941 14,3673 43,3121
55.70 00 $.0048 -8.1079 g
5.7743 =1.21712
3.7209 “4.9269
2,18}) =3.5799
.01 «2,3139 3
4918 =1.9779 b, 0774
Volkss =1.1791 -69.1797
V.2498 4. 6576 -78.7695
#.1584 =J.5308 65,1453
lolwys ¥ollug =d.27714 63,7495
Posbyh =1.5519 LR TTH =4.1912 =60, 1087
du3lon3? [EE2% 1] =1.1181 vollze 4.1317 =50.6913
Ra, K3 CINCLE PIT WESULTS- ClNCLE CENTER = tu4,4427  76,897)
RADIUS = 141, 1yey
T s 4920
Rps  Sp,5128 R1lFa ».5725

MUDEL PARAMETERS = ) = Ser7,0875/FRy
RP = 3av. 2442

RHU By, 4p0l3E 1y Uithi=CH
Cra y u74119E=py
TAvs 2, w320SH5EC Eiasuplon, 750

Fiy [ EPP

lowws v 4831 [1] . 1999067€ »3
Po4dud1E > o 159747€ ys
P.354877€ »s ¥ JU3311E g
PedTUdYNE S Yo lUyu37E ¥
#edS2WSYE p5 Vo l88775E 4§
2179900k S ».153108E w3
IR Y73 TS ¥ llzukag g
PoTYSULBE w4y 7udbp3E (1]
PeUYLUYTE yy PobOLZ2I7E Wiy
PISUISTE po Pe9d93YLE pu
Ve dIWu3YE we . 20SHsLE (3]
Pol/l5eTk we  p du3934c 1)
(L YT T Ty H.00Y212E go
YA17315E o Vo 11J139E yu
2037.931  w.Y23078€ »3 HoU52702E »3

VLT, w,li FUR M1z /Funy

EINFx  §y,22583

RS, X3 CIRCLE FIT RESULTy- CIRCLE CENTER a 364,4236 1393446
RADIVS = 389.0,36

FiT 2
Rys _ 747.4378 S “”‘L‘___‘;“ﬂi

HOUEL PARAMETERS = K] a Y414, 4453/FRQ
RP a Tae. w217

F=1/1 Rl xp
¥e9959  2277.5112 =r37.4110
Poluby 1431, 348, =546,927)

Poy7s 0. 4y30  w34p, 3225

».35%41 SIv.de58 «212,5725

ve3lud  W37.0799 -1, g2ys

Peddin 401.8143  <11y,7184

w1575 177,478 ¥, 93504

pellle 18,7427 58,9754

low.Supy Per9a% T893 -32,3545

4yl vine (23] vy.8307 =17.7451

“p3.872:2 »oihy? 45.5987 “dobiipl

$p7.09y4 Yen3sl Sv.491e =5.Mu3d

Lipy.174s »ey3lY 43.Tuuy 725
ludy . 4540 Popios d2.44)2 9425
4N3l.p301 ».iezl 10,5350 =1.96064

G2 . 2NLTHE J% N3y, u353SC »
sTup

doGlns

(44
W JUUSE-43
“HslebBE-y3
“de1138E-y3
=4, 928JE-J4
LIRS PLY 133N
=T LTE=Jt
=4 58YTE-Jb
=d . SH0Eg4
RO FT LT EFIY
. bb33E-g4

V. 3U73F
=J. 3060694
=0.3973E=y4

Z29506-3007
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Table 6-7. Computer Output for Electric and Dielectric Data of
Basalt Sample K, Following 72-Hour Water Soak

ENTEK NS,AUL  PUT 35W1 UP FUR ELECTRODE CORRECTION O
PE2.43910
K1 9/712/71 77 w AOD= 4§, #3916 PHASE AND AMPL]TUDE CORAECTED
FRy RS Xs RAOD XAOD PHL H
l.nll Wiz 1794 -833.7279 39,6366 =32,6488 =39.4813 1311.3018
.13 LY. 3NS5 -eku, 818D 23,4742 4y 9 938.9912
4opu2 Su5,7808%  -345,1574 14,3234 623,6743
by 191, 1p57  =342,1343 7.4837 391,906
o5y 152,9525  =295,4392 332.6762
29,145 05029 =1yu,2347 196,5342
LI TES 52,9494  =113,4878 125,5949
LI H 31,8339 =11.1379 56,4386 77,8538
N lu,7475 =54.3734 74,2337 61,6918
ipl.u)3 LY =34.97¢) =713,2919 34,4268
Wi, dze 5.1 =17.9324 =73.5399 18,6198
¥o7.04y I hpby 9. 137 69,3027 9.2218%
1987, 320 3. 3upk =7.4723 -65,2036 N
1515,131 3,443y -4 .94 #.1286 =36,4360 3.939
933,872 4,120 -3.2877 doavel -¥.1287 =34.3382 5,2799

R3, X3 CIKCLE PIT RESULTS- CLRCLE CEMTER s 1257.4984 311,394
RALIUS = 1358,9213
F1T s | ¥ L1

Res  2519.4442 RINFs =1.4331

MOUEL PARAMETERS =  RI = 1§19y.4192/FRQ
KP = £517.942)

RHU = 9, 36344E Ly OHM=CH
CPE y,150479c=p4
Tavs  wd,54533018EC Epsilbbby,yb2 EINFs  4§,76112

FRy El EPP

Lowll =9 W2UY3HE 93 -9, 205449E [

4.wl3 =y, 522694E g5 - +263999E #5

RO LT T TP T T ) »

Yoply =y, d98valL 5
lyawdd =y, 2ubel7L u5
duiley -y 17THUTVE »5
Y¥,2d5 =y lIM713E ¥5
P45 =9 T1LNLTE pY

Ipw.bpd -y UPEH3EE pb
elovly =y 3o7590E pi  -p,372181E I 13
pS.ddt =y L193I9E yv  =p,224186E 1]
7,899 249 77E po  -p . 13396EE Ju
[T Y1 o AHETTHE yu -y, 113661E Ju
1515,150 =y, 708965E ¥3 =¥, 8I7B6ME 43
4¥33.47¢ -p bUSINPE ¥3 =y, ul2232E [}

VET, G, 1 FUR Rlng/FYRN

RS,X8 CIKCLE FIT RESULTS= CIRCLE CENTER ® 883, Sll) 417.9223
RADIUS = 978 1)
Fir ] . “lk9

Ky3  1lue.wpiy KiNFz L JR1 2} )
MUVEL PAKAMETERS = R = lsyul.uulllrﬁu
KP 2 1768.70
4 Fel/2 k1 xp cr
Lowlns PolUYed  3924.733% ~1737,1453 =), 6964E-Fu
Lowlde PoTuvT  2338.9493 =1133,9956 =§.6971E-h4
4opull wouglh  143p.6592  ~719,9478 -y, 3539E-04
LT 1] #3508 9le,9569 ~435,33)4 =y, 4523E~g4
Ivowbus ¥oSL5N 79w 0003 =3bY,hUlh =9, b2BUE-g4
dyilusy ¥edd2u Y 5397 <2i8.3085 -4, 3459E-gb
LNTTY #1577 304,16l ~143,4756 -9, 2756E-04
T pollil 197,935  «§7,9236 =y, 2268E=g4
lyw.bpdu PNYST  L7.603) 69,6143 -
ulibldy Podlus  LIT, 0280 -4d.gdu9
w3, dedd [T 50,1989 <22,5up7
u7.eyyh ¥.v351 50158 -13,071Y -
lou?. 8402 »o¥313 0,950 =11,2514 =4, L4deE=iin
1515,1514 ¥ebdSe 107602 =9.2134 <y, I14PE-y4
dussitliy Mowddd ¥.2137 ~8.2547 =4.5477E=i5

W2 w TINTL b b= p, THL3TL By
sTuP

Z9506-3007
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Table 6-8, Computer Output for Electric and Dielectric Data of
Basalt Sample Ko Following 72-Hour Water Soak

EWTUR W, AUD POT 55w] UP FUR ELECTRUDE CORRECTION

vy, polpe

he 9/02/71 717 R AODE 06180 PHASE AND AMPLITUDE CORRECTED

FRY RS xs RAOD XAOD Hl z
1od¥d 549.052% by, 2118 32,7160 24,7491 -37.1991 6G3,5746
2,911 347,26 =330.3704 21,4724 9.8139 b4, 1111 03,3706
bop4d 49,1399 =d50.nb8 17,9332 ~15.8313 -5).7373 330.3737
Bophl 117.3719 =lew 9921 7.2387 11,1064 -37.0233 213.6373
ly.wdb 95.7ud =103, 1643 5.9183 ~10.4991 39,6107 189.1613
iy.137 57.wa89 ~97.4923 3.3761 ~6,4289 =39.3294 113.3551
Wyed5N 33,9951 =u5.3471 2.1423 =l 534 ~62,3917 73.8302
w7y 19,1599 41,7323 1.00468 -1,3824 65,3347 43,9307
lpw.5p3 12.L53» ~35.2892 v 7823 -2,1823 70,2797 37,4099
dpl,pin bopel3 RN L] ¥.4231 “1.2407 ~71,1754 21,1979
“wle9dy 3.7131 =1, 9801 ¥.2297 ~J.679% “71.321% 11.5973
$pl.099 2.,4917 =5.7334 Jel5bl -§.3347 ~66.3229 6.2333
lyp3. ooy d.211b =4,7443 ».1368 -¥.2922 ~64,9193 3,2163
1512,4ve 1,932y =3.4193 9.1193 ~4.1991 =39.0202 3.7332
dwid. 783 1.0773 -d,353¢ J.l161 ~d. 10633 =31,422% 3.003

R9,A> CIRCLE FIT RELULTS- CIRCLE CENTER = 6§3.8373 261,269
RADIUS = L37.73u8
Fir = 43839

Ry®  12pl.4ip? RINF® #.2304

MOUEL PARAMETERS = H1 = 9877,56L4/FRU
RP = 1297.2463

W m e TeLTIE Ly vA-CN
CPe §, 2975 d0E~n4
TAUR 39, 13530I5EC Ev=s345142,18 EInFx  39,22119

Fity EP EPP
loppd  poddluiBt pb ¥, 7W33TIE 43
2,p10 P.192995E pU @ YLIIZ69E J3
wopd  p.152934E wu g LMATOE WG
Pepnl W 113395E pu w.Y1056ME ¥3
IyouSu  p. 1PLUINE su  p.WSELTLE wd
4¥.137 PoUYRYINE p5  p.LULYSIE p5
Yy d5 PSR UIE p5 $.433270E W5
w.l7y $.283532E ¢S Wed78)97E 43
lpp.59) PodunlSIE w5 woWIVI9E W3
dul,apv  w INYYYSE »5 W INBLSIE M3
wpl.¥dy »oYLNLYTE Wb P UlBILIE Wb
Pu7.9%9  B.55SRSHE B B SWYNINE Nk
Iogd.uoy PoWTUI19E p J HEE1JYE Po
1312.288 P I3ISUTE ¥4 J.3W733LE Yb
EP25.783 p.4p6YRNE v JL2U432IE 44

VET, 6,14 FUR RIBG/FRRYN
R9,X5> CLRCLE FIT RESULTS= CIRCLE CENTER = 333.6002 176.3443

RAOIUS = $78.J014
F1r = Fo5h73

RU®  vow.Jash RINK= IR T S
MULEL PARAMETERS = Rl = 9wy, 9u33/FRQ
HP = obd, 8325

F F-1/2 Hl AP P
Lownly ¥o9998 195K, 7134 =984 4245 =J . 1021E-4)
2,911 ¥ 7951 113,921 -bnB. BabS <4, 1224E-43
b p4a? eyt Tul.pbwl  =422,8733 ~4.93LEE-4b
$opbll B350 Sul. 9435 =270.9319 -4, 7330E-g4

IpopSul 93153 W3S.73p =d31,7460 -9, 6829E-Jb
dualdvy Podddy el b4 =lhu. 4072 =) 33Y6E-Jb
wweddlv 1570 19l.2ple  =91.LbLY =g 4313E-Sb
. 1753 $oll13  121.8577 -34,4156 -§,3621E-04
IYTIR 173 PeW¥YT  LIl.bNoY  =ub,9uu2 -J, 33T4E-pb
dul.usid Wenlu} L2332 =27.8119 ~4.2919€-44
wpl.9293 popbyy 34,9210 =13.7029 ~4.2512E=)ib
Yul.oyye ».p351 15,304 “9.0b73 =, 2NIGE-b

YT L] »en3ls .o “8,3364 ~B,1BYUE-Jb

1512.497% [ [ AL W7673 =4, 1533E~J4

5. 7827 vov2e2 3.9933 b, 6482 =0,1109E=-44

WR P IWBNIE g NE y, TURINE )
HRAMNURUE 5 TQP W LK

Z9506-3007
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Table 6-9, Computer Output for Electric and Dielectric Data of
Basalt Sample K4 Following 72-Hour Water Soak

ENTER NS, AUL PUT S5Wl UP PUR ELECTRUDE CORRECTIUN

»l. 12317
Kb 9712771 77 w& ADE  J, 12517 FHASE ANO AMPLITUDE CORRECTED
rRY RS XS RA0D XA0D FHL z ZA0D
I '} 217.1331 ~146,205¢ 26,7445 =18,¥4177 55,9705 261,0156 32,2476
2.2 1y,751y =126.,3896 10,4624 =13.3924 =~4i§.2157 196,9721 24,1582
4,058 93.4059 =191.1543 11,7304 =12,4563 =46,6546 139.0759 17.1296
4,491 37.2352 =75.4501 7.0497 =9.2997 =32,4152 94,6867 11,6626
Ll des 47,4825 86,9445 5,046y =8,2451 =34,6665 02,9392 .72
2.170 4.3117 ~45,4969 3.6111 =36,0254 ﬁ.kilz
W30 17,5133 =30.9454y 4,137 -60.0395 272
»y.773 Yo54Me =19, 8444 1, 1504 64,576y 2,6792
T TTY T.d94%4 =17.1403 A ETH =66,9596 2,2951
dyl. 815 5.8370 =49.7248 ¥, 4593 - 5862 1,2795%
byd.3u d.8067 =3.5000 ¥, 2340 4.9509 #.7966
7,899 los2gy -4.8737 8,1749 =65,7007 ¥.3948
lel2,891 1.253 =4, 5474 #1319 -62,6705 #.3518
132w.915 89479 =1.6402 Jelles -¥.2)28 =6¥.3969 #.2327
4937.087 89374 =1.2237 v.llav -».1547 =51,9541 P.1914
Ko, Xy CINCLE FIT KESULTS= CIRCLE CENTER = 223,499y 16,2941
RAOLUS = 247,1219
FIT s d.e101 -
RYS  wup,8lde RINF3 v g7
HUDEL PARAMLTERS = R1 = 4yu2,6133/PRQ
RP Yhu.b2u?
RHU & §,33454E 14 UMMeCIf
CP2 4.39777uk-y4
TAU= 29,508 55HSEC Eu=8140490,37 ElNF= 64, 74906

FRY EP EPP

loay? U.115734E 4o ¥.293829E 43
2,422 U, 900N1E 43 4 390N94E ¥3

4. 436 JNYITISE U3 vob3uslde ¥3
syl Y.L19537€ ¥3 Yo4LTBM3IE J3
16,888 Y. SLINIOE 3 §.43W29ME ¥3
4.l $e3YSHLUE w3 H.344501E 3
4p,238 $.463094E ¥3 ¥.247426E §3
.773 s.171807E y3 B le52u5E ¥3
TR 'Y U.144771E 43 ¥.143971E 43
dul.els $.UITILTE S ¥.917197E W
4xd. 570 HeJUMETYE yo #.375432E y&
W, eyy Pe301673E g $.553002E gy
112,891 p 3UYSINE W% ¥, 341992E yu
154,913 4.233302E §% V. 220847E gy
57,037 ¥ L9 IVE w4 [P Y LITY 1Y

VET, G,N FUR R1zG/PXXY

-

KS,Xs CIHCLE PIT RESULTS- CIRCLE CENTER = 194,2527 95,4422
RADIUS = 215,2560
FIT s ¥.6208

Rys Juu, luyy RINF2 de3led

MULEL PARAMETERS - Rl = 5894,1433/PKQ
RP = 587.4334

4 Fel/2 Al xp cP
lovaby 9.9960  1234,515¢ -574.7421 =¥ 2731E-43
.88 ¥ 2832 1Y, 4369 <583,7461 =¥, 2041E=-§3
4, 8358 d.hy7 WY, 4203 =209, 8445 ~¥s1570E=43
Yolyun b35Sl J14.3510  =139.943

lu.unis 4.3134 471.2884 -13u,197y

d.1770 s.d220 lub. 917y

“9, 4370 d.132 111.5041)

.7735 ¥.1113 72,9374

We.epe3 Jo¥993 63,9932

avl.ulzy $odTuh 39.230 ) 5217E=4
bud. 3700 youeye 22,5331 =V 4S0PE-J4
87,8994 ¥.4331 11,3239 =i, dU3E-pb
Wiz.8914 Y3l d.4790 =P SUvNE=db
1524.9120 aM236 5.402¢6 =¥, 54dpE-ph
2457.4371 ¥.y221 3.337¢ =2,404) =), 5145E-p4

G2 W, 15167E g4 N2 4, 74196E Jy
R yTop ARER

g :
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K1 are given in Table 6-10. The signific’ant'concxlusio,n indicated by these '

6-13

]

results is that the highest sensitivity for water detection in rocks can'only

he achieved by data extrapolatien to the static or zero,freque!ncy dielectric!

constant.

Table 6-10. Effect of Water Pretreatment o.n SélectedlElectric |
and Dielectric Parameters of Basalt

3

1

Soak Time 0
(Hours) _ . 23 77
Parameter} -—- | (Baseline) '
R_, megohm 1,031.0 328.0 447.0
H H
T, millisecond 16.6 24.4 29.6
e € =X 1,770.0° 60200.0 | 146000.0
or c e
€w €= ¥, ©14.8 68.2 60. 7

The highest selectivity for water detectién is obtained by choosing the x,'eall

1
i

component of the dielectric constant at the limit of zero frequency from among

the impedance and the dielectric parameters.

The variations of the impedivity vectors for t}lree basalt éamples with i‘r‘e-x
quency are shown in Figure 6-1. After the three rocks were soaked forj 23
hours in distilled water, their impedivity variation with frequency are shown
by the curves in Figure 6-2. Figure 6-3 gives the sarﬁe relationships forthe

rocks following a 77-hour soak period.

Here again, the impedivity vectors are the most separated at low frequencies,

and approach each other as the frequency increases.

The variation of rock impedivity at 1 Hz with the duration of water pretreat-
ment 1s shown in Table 6-11 and Figure 6-4 for the three basalt rocks.

Z9506-3007
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Figure 6-1. Va'lriation of Imﬁe
- Basalt Sample
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100

Tecunn,

—J

=1

IMPEDIVITY, €, MEGOHMS x CM
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0.2

0.1 I St ol 4 140 i A b3 14449 " Mt ol 2 120
1 2 5 10 20 50 100 200 500 1000

" I (H2)

Figure 6-3. Variation of Inipedivity with Frequency for Basalt
L Samples Following a 77-hour Water Soak

L

[ 10 20 30 40 50 60 70 80 %0
? OURATION OF WATER 50AKING (HOURS)
{ |

Figure 6-4, Variation of Rock Impedivity with the Duration Time
of Water Treatment for Three Samples of Basalt
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Generally speaking, the impedance versus time-of-soaking decreases initially,
goes through a minimum, and increases again with longer soak times. This
behavior is explainable by the assumption that the first portions of water that
diffuse through the rock pores leach the adjacent sodium and potassium ions,
and thus decrease the rock impedance. Further introduction of water into

the pores will begin to leach out the dissolved alkali ions, thus resulting in

an increase in rock impedance.

Table 6-11, Effect of Water Soaking on Impedivity of
Basalt at 1 Hz

Time of Soaking Impedivity at 1 Hz, megohm x cm
(hours)
Ky Ky Ky
0 58 48 39
23 11 19 27
77 ! 50 41 32

PRETREATMENT OF BASALT IN SODIUM HYDROXIDE

To further investigate the effects of environmental c¢onditions on rock impedi-
tivity, other series of tests were conducted on basalt that had been pretreated
in solutions of sodium hydroxide. The three samples Kl’ Kz, and K4 of
basalt were soaked for 23 hours in 1, 5, and 10 percent solutions of sodium
hydroxide in water. The imp edance data of these experiments were grouped

(zero percent NaOH) for 23 hours. Computer output data of these experi-
ments are given in Tables 6-12 to 6-20. Variations of the magnitude of

are shown in Figures 6-5, 6-6, and 6-17, Here again, the impedance arcs for

various NaOH concentrations seem to overlap and become indistinguishable
at frequencies greater than 100 Hz,

Z29506-3007
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-8
5# ' Table 6-12, Computer Output for Electric and Dielectric Data of
) : Basalt Sample K, Pretreated in 1% NaOH for 23 Hours

% ENTER N5,AOU  PUT S5W1 UP FDR SLECYRODE CORRECTIDN
vE3.93910
wy
K1 9727/71 1PC AOD=  #1,05918 PHASS AND AMPL1TUDS CORRECTED
FRY RS xs RAOD PHL z ZA00

.- YT =45,84540 425.4504 =1, 8544 151,7051 250.2654 9.0172
] 2,045 b8, 5096 1748752 2,0828 84,6114 187.8183 7.5548
4.y2p 155,9031 89,3441 5.5245 53,5122 8.5719
| 0408 185,162y 4.9999 5.4800 1.0598 L] S, 491k
14.028 131, 1049 -15,8528 5,1541 -6, 0528 151,8587 5.1826
28,161 98,6211 -2, 4ugs 5.,8542 -15,5282 17.1817 81972
4,225 65,439y =53,1641 2,5449 -39,2825 e, 0591 $.2919
8,257 51,5485 =41,8259 1,2579 -54,8507 58,8562 2,174
1up. 341 26,7956 =39, b4y 1, 9492 -5, 9484 07,8059 1.8738
2wl 15,0799 =25,7145 #.5119 -85.0599 20,8439 1,1298
4¥2,576 [T -15.4297 ¥.252% =86,789% 18,5558 g.6000
845.572 5.8108 -8, 1242 #.1492 -84.8751 8.9758 #.55%
1905, bak 5.510b2 -0, 4839 - ¥.1577 =51,5558 7.5788 g.2808
’ 1512.208 2,9548 -4,4106 ¥.1157 =58,1887 5.5089 9.2079
225,785 2,6284 -5.5321 ¥ 1429 -y, 1508 -51,7572 8,240 g.1662

R5,XS CIRCLE FIT RESULTS= CIRCLE CENTER = 41,5851 89,0127
JRAOIUS = 126.4:28
FIT s 17,4400

Rys 121,8755 RINF=  =39,1491

MUUEL PARAMETERS = Rl = 2§7§5.8516/FRQ
RP = 161, 4244

RHU = §,47720F ¥9 OHM-CM
CP= M, 1u5554E-Y5
Taus 0. 54887MSEC Ef= =25.71297 EINFs  §,25958

FRQ eP sPP
Loudy =¥, 2440978 Y2 -p.119245E J1
2,045 =N, 2594778 Y2 -§.159938E g1
4,02¢ =§,232164E ¥2, -y.211921E ¥
U, UY8  -¥,2227H9E p2 =), 275SHIE ¥

1y w28 =p.219J61E ¥2  -§.299975E ¥
29,161 =M, 2P4959E ¥2 -p.37B934E ¥
49,225 =), J8b65BE W2 -¥.463112E §
89,257 = l03456E W2 <M.544E9CE
14U 541 =p. 1549558 42 =¥.58U659E #
21,472 =, 125516E N2 =w.627421E J
42,570 =W.952172E ¥1 <=¥,655508E ¥
895,372 =p,bYSTUSE M1 <y, 641258E J
lip5, 484 =§.503255E #1 ‘«y,0629258E §
1512,488 =y, 5249158 W1 =y,.598716k ¥
225,785 =B 2PSHIYE Y1 <Y, 5T11NNE §

DET. G,N FUR R1=G/F¥¥N
RS,XS CIRCLE F1T RESULTS~- CIRCLE CENTER = 259.2518 125.1385

RADIUS = 289.2481
AT s 9.9550

Ry 519,9554 RINF= =1.4918
MOUEL PARAMETERS - R1 = 17781,2891/FRG
RP = 521,4468
F F=1/2 Rl xp <P
¥.9999 1.9M¥1  3934,5721 ~1718.5688 -#.9262E-4
2,051 M.7#62 2395,5915 -1121.4417 ¥81
4,4196 Y4988 1468.5708 =-717.5768 51
S.uu77 ¥.3554  915,6278 -hi4b,691f -0, Wu708-Sb
1,281 ¥e3158  770.4894 ~300.1547 <y, b1758-04
24,1613 ¥e2227  465.7562 =244,0275 -¥,5224E-04

49,2255 1577 322,89¢47 ~152,5859 2595E-h4
Sy, 2568 . 11l6 221.8252 =88, 4447 -F,2202E-4
1uy, 39 ¥.4998  185.5672
241, 4724 MoW7¥3  149.9138
4y2.5764 ¥.ub9s 56,9755

|
1
i
|
|
.

845,5715 w552 25,1147 o \SU9E=Yl
1495, bk 515 18,9547 +1251E=y4
1512,1876 WoW25R 12,4268 +9659E-45
2925.7827 ¥.¥222 U846 10,1782 =§,7719E~45

el

frou
L

G= Y, 8B169E Y4 N= W.77814E ¥
sTup

bnd

-
1

S
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Table 6-13. Computer Output for Electric and Dielectric Data of

1] L
Basalt Sample Ko Pretreated in 1% NaOH for 23 Hours
{
SNTSR NS,AUD  PUT G6W) UP POR SLECTRODE CORRECTION
#83. 00100 ‘
K2 8/22/11 AP ADDS  g.g6100 PHAGS AND AMPLITUDS CORROCTED -
ne RAOD ! 3 2 TASS ‘r"ﬁ? N
113,0328 1.0139 1,0688 113.5308 . 18398 A
124,002 -4, 9994 121,300 7.50%8
113,763 «14,2888 119.8108 71,9009
43,1682 2 6,8033
[ WD
T 3
14 ]
it
297 P
917 -2,9289 s ; (S
2933.272 -2,1428 #.1133 01325 <9, 0073 s.1008
a ghal iag g o
A8, X6 CIRCLE FIT ABGULTY- CIACLE CONTEM = 15,509 . o J
RADY s At
(2% 4 s
Res  121,3736 RINFS 2.8928 5
MUDEL PARAMETERS -  AD = 13977,4688/PRQ '@U
RP = 118,978 F
A0 & 9, 739378 By UnMeCN }
LIRS TTTYT LY L
Taus w323 sMs8cC 0923892,72989 sinrs  69,10598
ray {44
0,999 T NSV TY

| S

#.3624938 93
P.2003348 g3
#.1653908 43

3 s.3139020 93
2033.27¢  5.1522998 43 4.09811)38 42

CLT, G.N Fuk mlzg/Pany

K6, XS CIRCLE PIT AOSULTS= CIACLE CONTOA =  &3§,302% 216. 9991
RADIVE = 407,300
fnr L] s.an

s 871.674p AlnFs -9.9091

TTTRTEC VRGNETENS

e a2.60m i

r

ag xr (14
3813,3027 -1267.8038 ~9.12820-9)

».998)
T.0l02 1087.9193 -823,132) -
., 9233 037,106 =328,6429
8.033% 33,7011 329,093
is Lo 337.0749 -281.3319
0. 1207 339.0793 -178.5909
“p.237 234.7323 <1
#2,313) 133.0229
lan. 0010 135.1236
l.0128 10.0097
Sp2.3700 49,3939
97,0000 17.9997
19y.1243 13.7103
1310, p2eg 8.7383
Ww33.2100 powizy (X3 LY ] =1.3913

6= #.333330 po N= 9, 772188 9
styp uxs
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Table 6-14,

ENTER N$,A0D

6-19

PUT SSW1 UP FOR ELECTRDDE CDRRECTION

Computer Output for Electric and Dielectric Data of
Basalt Sample K4 Pretreated in 1% NaOH for 23 Hours

L
e

»84, 12517
K4 9727771 1PC AODE  §,13517 PMASE ANG AMPLITUDE CDRRECTED
FRY RS xS RAOD PH1 z ZADD
Loy 118.6592 -38.4375 14,6132 ~26,9687 132,4922 16,2698
2,41y 94,3437 ~37.3047 11,6245 -51.2778 114,3838 15,3968
4opsy 70,7654 ~31.9217 8.7162 -36.2748 87,7791 19,8146
8,417 4E, 6585 -43,7294 5.9952 41,9492 65,4209 8.9579
W28 42,4959 ~hy . 6493 3,254y 45,7527 38,8439 7.2431
24,088 29,5592 «34,2313 5.6151 45,0696 42,1495 3.1915
4y, 161 18.14b1 ~25,7146 2,2351 «52,3811 29,86F8 5.6779
84.313 9.4975 =1b.7869 1.1587 -60.7580 19,2452 2.5742
1y, 442 $.1115 ~14,5846 ¥.9991 g.9258 16,6884 2,0355
2y1.613 3.8677 -8.9159 H.4764 ~66,5859 9.7187 1.1974
4¥2.376 2,0588 =5.4963 g,2311 -68,2415 5.4890 £.6761
849,355 1.2949 -2,7117 v 1600 64,4989 5. 4968 #,5745
1412,891 1,181y «2,1599 §.1456 -61.4285 2,4769 9.3045
1512,288 ¥.9378 -1,3539 Y1184 -58.9252 1.8084 f.2227
229, 52v ¥.9962 ~1.4897 ¥.1227 47,5697 1.k764 f.1818
R9,X5 CIRCLE FIT RESULTS« CIKCLE CENTER = 96,7230 55,4681
RADIUS =  114.4367
F1T ] 1.4339
Rp= 195, 3554 RINF= ¥eyo26
MUDEL PARAMETERS = Rl =  4yy5,9922/FRu
RP = 193,2648
RHU = p,25813E 1y OHM=CM
CP= J, blu124E-p4
TAU=  15,56457MSEC EY=3154331,59 EINFR  §4,35760

FRy EP EPP

Loygs g, 114620E Wb ¥, 181965E 45
2,019 P 1g4793E Wb ¥,257465E Y5
4.p3u W, 918867E Y5 W.554477E dS
.01/ . Tu3991E ¥S  W.3B7UILE WS

Lipe8  w 714187 #3  §,39433LE 45
29.p88 Y, 343193E Y3 Y. 37ELE9E 3
4p.lbl  M.592349E 45  Y,317439E S
81513 ¥.209936E ¥5  Y,258233E 43
YT ¢ Wi257904E U3 Y. 214010E S
291,613 §,15674LE ¥5 Y. 140938E ¥3
492,576 w.1U103ZE M5 J.Y743IBPE Ju
859,333 N.LUBY2PE Y4 M.L2BGBLE N4
12,891 J,30W963E P4 ¥, 344S6JE wu
1312,288  p.431984E W4 J.419661E g4
2P2Y,32)0  P.3IS0L4GE w4 . 3ULPLEE W4

VET, G, il FUR R1sG/FaIN

KS,XS CIRCLE P{T RESULTS- CIRCLE CENTER = 242,9772 121.9511
RADIUS = 271,9834
F1T = ¥.3391

KPS 4Y5,0497 RINF= =1,4953

HUUEL PARAMETERS = Rl = 9154,8477/FRQ
RP = 487,1434

F Fel/2 Rl bid cP
l.wp36 ¥.9982, 1917.6881 <911.2679 -4.174gE-FS
20187 Vo7¥38 1162,5181 -585,8918 -§,1334E-#3
4,430y Wo4981  718.7581 «566.5549 -4, 1478E-45

8.0307 ¥.5352  436.878% <~227.4554 =f, BTUNE-Su
W.d2i1 ¥.3138  389.7518 -193,5584 -f,8200E-g4
LR ¥.2231  241,9306 <119,6719 -y, 6621E-44
4y, oy #.1378 1641624  «72,2939 -, S4E9E-g4
8#,3135 yellle W1, 3481 42,4442 <y, 4ES57E-HU4

Wiy, aidle ¥.i998 80,4976 =53,3226 <), 44BSE-yb
291.6129 Bl 7h 47,8977  -29.3789 «f.5856E-F4
42,3704 Aoghys 25,3962  -12,2544 -§,5233E~F4
Wy.3523 #4351 ¥.3631 «7.9871 =4,2462E-y4
12,8914 yay3le 8,344y =7.2569 =¥.2171E=-g4
1512, 2870 Wo¥237 3.0483 =be9753 <), 1509E-F4
2§29.5204 »oy221 b, 4349 =6.7278 «j,11606E-F4

G= ¥, 24221E W4 N= B, 79574E Wi
$TOP
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Table 6-15, Computer Output for Electric and Dielectric Data of
Basalt Sample K; Pretreated in 5% NaOH for 23 Hours L

ENTER NS,ADD  PUT SSW1 UP FDR ELECTRDDE CORRESTIDN
¥¥6,45916 -
K1 9/29/71 spc AOD=  §,03916 PHASE AND AMPLITUDE CORRECTED
FRY ) x5 RAOD XAQD PHY z ZADD i
Lemdh . o157,1958 142 5616, -g.1837 Y0877 1469445 1873732, 7,344
30089 L3, 0U8E 12504922 . 4luzps . 132.9535 168,9295 6,6153 ) -
M2l 4Lh929  124,k851  C 1plg2ug IR INITT) 127,4297 4,9991 | b
8,038 22,2226 98,1223 48792 © T 75,8519 90,8812 3.5589 .
1,042 56,7934 73.1545 1,444y 63,2983 81,8681
~ 24,169 58,5265 23,9186 2.2919 26,2964 65.2812
TomA25 0 sS,a1  ayl21pp 2.1816 -4,3297 55,8704
8,257 > 34,280 T T2pl8966 - )17 -27.,9887 . 43.8911
RIS T 31,5981 <22.5454 - 130 -35.6393, 38,6231
241,615 16,5455  -19,4946 §.6478 =49.6791 " - 25,5658 5
wi2,576 7.9485 13,1213 8.5113 -58.7979 15,3414 .
US.un9 w2702 oS - pll67s -64.6203 87214
Wiz, 524 3.6688 J2931 Jo 1457 -59,7629 7,2845
1315, 151 5,5892 ~4. 4548 ¥.1515 ¢ ~54.3916 3,2686 .
2924,528 2,8229 °5.1213 s -f.1222  -hzm R 5.1648 # l
RS, X5 élKCLE F1Y RESULTYS= CIRCLE CENTER = 875.9¥71 1998.9689 L3
RADIUS = 1378,3442
FIT 2 2,is99 -
R#= 1716,2319 RINF: 51,5825 ) - o ‘{
MUDEL PARAMETERS = Rl = 5554,2773/FRQ s , ; 2 1o o« -
RP = 1084, 6497 L ) ’ ’ o ’ Lo
RHU = p,67208E 1§ OHM=CM
CP= b.4bY278E-45 ) o .
TAUZ  12.93616MSEC Ev=1101.49794 EINF=  21,74922 - R - | l
FRY EP |

EPP .
Lovib  9,929929 w5 4 lhuygse 5 o T :
2.469  ¥.B54565E w5 Y, 16934AE g5
Yo#2l P T65252E w3 4, 180274 5
B.b58  W.LUSUSUE 45 ,%i96125E 3
leedb2  u.L52595E W5 y,l97u7sp g5 .
20.169  #,5277052 §5 Y, 1955508 o3 R
Y.225  B,429525E W5 Y, 184925¢ 3 . . .
85,257 W.541651E W5, 167554E 5 V.
L8492  §,516118E #3 ¥.16H915E ¥5 i
201,613 Y. 24648LE ¥5 4. 159559E 43
482,576 S 1916H5E w5 4. 115827E 45 . . C
SH5.0M9 W, 1b9¥9dE ¥5 ¥, o43nG6E g2 . B :
17,520 W, 157641E W5 4.979491E ¥2° o o . ) o
1515,151  W.119295E W5  ,769576E w2 - .
229,529 W, 197955E W5 J.690751¢ 42 S . N . S - !

“

LDET. 4,18 FUR R1=G/FRAN

R5,X% CIRCLE FIT RESULTS- GLKCLE GENTER = 89,7714 35,9754 o .
RADIUS = 95,9456 .
1T = 1.1576
CTTRETIRTIT RTNF= VorBug " , N
fIGUEL PARAMETERS - g1 = 16416.9453/FRQ
RF = 17709736 f
F Fel/2 R1 XP cP
Loygsy #9980 4359.8872 ~1195.5615 -4.1326€-95 . i
/] V.7050  2139.8452 -§60. 5,85 -1.9208E-44 C
y B.4987  1505.1824 586,468 -§,6749E-84 '
8.u295 V3329 975.3585 -579,8451 -g.5218E-k
19, w422 B3150 8248989  -327.52)§5 -y, 0859E-y4 »
28,1094 Bo2227  473.8918 -212,9669 -y, 57Y5E-d4 {
4¥,2255 ¥.1577  54B.5551 -135.6855 -, 2069E-44
W, 2508 Bollle  295.528%  =81,2527 -y, 2041E-g4 9 !
v, eilo Bod499  176,5287  -67.595§ -y,23456-g4 -
2¥1.0129 B.4T8s 1Y 5883 -58. 3949 250E-94
42,5704 EoBBO¥ 02,0188 -21,507) B55E-44
V5. upyp b.u352 5905 -12,0024 g, 1697E~04 e
19¥7,32602 #5158 25,4178 =9.9496 =F, 1580E~y4
1515,1514 ¥.¥256 15,5512 ~7.4479 -g,1419E-g4
2§29. 524y ¥.pa21 Y077 =5.9746 -g.1313E-04 1
L

Gz W, 4Y225E P4 N= ¥, 73404E gy
kuur 5v9p

i

4
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Table 6-16. Computer Output for Electric and Dielectric Data of
{n Basalt Sample Ky Pretreated in 5% NaOH for 23 Hours

il 0 )
ln‘ ‘ . o ENTER NS,AUD  PUT SSW1 UP FUR ELECTRUDE CURRECTIDN
’ vi7.06184
K2 $/28/71 5PC ADD3 #6104 PHASE AND AMPLLTUDE CORRECTED
’ FRY RS Xy RADD XADD PHI ZA0
! L3 -58,6758 57,5147 3.5505  135.5841 5.0808
‘ w17 -2u.9p02 03,1987 113,991 L2425
4029 92421 54,0287 89,4935 3,4262
8,445 35,9742 31,4350 41,5107 2,9747
[ INTYS . 43,9611 30,7565 2,8977
2y.12y P 2,6133 3.4593 2,6785
4w, 225 359917 -11,8715 ~10.2987 2,3304
8,257 23,7955 -17,1644 35 1,8145
- 168,745 19,6201 16,9979 1.6#53
291,342 W3l -13,3597 1.4331
= 491,929 5.9108 -8.632¢ 9.6172
865,00y 2,778y ~4,9539 9.3513
1067, 320 2,4225 =4, 4854 9.2937
§ 1512,288 2,1869 -2.6422 .2121
2018, 349 1.eu2y -2, 8644 ~48,2§71 2,7637 9.1789
Lpant

RS,XS CIRCLE FIT RESULTS= CIRCLE CENTER

= 292.4046  391.6920
RADIUS = 4#7,.3564
=

F1T 47200
RUZ  56b,1212 RINF= 18,608y
W MULEL PARAMETERS - K1 = 5095, 1484/FRQ
RP = 547,4332

RHU = 9, 35009E 19 DHM=CM
CP= w,831733E-p5

{ TAUZ b, 77v22MSEC E¥= Lb2, 5445 EINF&  21,87)85
FRQ EP EPP
1.uv3  W.505852E ¥3 4, 745828E y2
2,017 J,531279E W3 §.807885E ¥2
4wl W.4BTB14E W3 W, 1p2378E 43
B.bh5  W.435413E w3 §,115129€ 43
eow2 B W17345E W3 . 118144E §3
{ - 29,125 .356807E 3 9, 123474 §3
WB.225  9,294257E 93 §,121426€ ¥3
UB.257  §.23636HE M3 ¥.112013€ 43
0. 205  9,218851E U3y, 108548E ¥3
N 291,382 W,171212E ¥3  Y,938731E g2
{ i el 929 W, 132973 ¥3  Y,777892€ g2
| | 85,089 W 1U33IGE W3 §.b22194E ¥2
i 07,320 9,9543636 ¥2  §.575296E ¥2
- 1512,288  §.829145E Y2 §.496159E #2
018,349 . 752828 p2,  J.44NG19E y2.
f*' DET. G, FOR R1=G/F¥ity
l RS, X> CIRCLE FIT RESULTS= CIRCLE CENTER = 48,3072 62,1715
- RADIVS = 159,8424
FIT = 1.3765
- Ry=""dy5 upbn RINF= 1.Jd78

MUDEL PARAMETERS - Rl

RP

= 11225,9192/FrQ
= 244,5987

Fal/2 R1 x» P
1wy waste 2w2e.8dus -a8u. 7141 -y, $018e-y5
2.4173 WeTudl  1877.2017 -071,1392 -§.1170E-03
wou2y3 94982 1Ju5,8207  -439,7712 -y, 8082644
Bou451 ¥.3520 0421090 -279.4u43 i, 7Y 7UE-gy
1 PRI B3167 534,802  =24,3248 -, Gb21E-gt
2u, 1288 $.2229  313,0195 152,536 -y, 520 E-gt
t.2 4y, 2153 $e1577 206,684 94,1823 -, b2f1E-gu
Bu.2508 Yolllo  139,6487  -55,846§ -8, 3551c-y4
148, 7oy Hel996 12,7985 46,4138 -y, Shy5E-gu
2w1,3423 BoBTEh To.ME1Y 20,8541 -, 294kE- 4

#1.9293 MeWh98 45304 <15, gugs -g, 263 1E-g4
f 85, Yy Wep352 22,9939 -B.2708 -y, 2389E-y4
W7, 3202 90315 17,7110 -6,7862 -§.2320E-44
] 1512,2870 WeB257 18,9527 <b,KB15 -f,2150E-g4
- 218,348y 'R 7.3653  =3,7649 -y, 295E-44

6= ».29328E w4 N= 4, 7340NE gy
sTop A
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Table 6-17,

6-22

Computer Output for Electric and Dielectric Data of

Basalt Sample K, Pretreated in 5% NaOH for 23 Hours

ENTER Nb,ALD

PuT SSW1 UP FOR ELECTRDDE CDRRECTIDN

z
28,1923
23,6346

W8, 12317
K4 9/28/71 3PC ACDs ¥, 12317 PHASE AND AMPL1TUDE CORRECTED
FRY K3 X5 RADD XADO PH1
1,667 -13.1809 23,8777 =1.3779 3.1874 113,3871
2,012 v, 4p92 24,8411 $.7894 3.4397 73,3383
w423 19,3402 17,6413 2,339 2.1679 44,3839
8.3 27,4643 3.0438 3,3828 ¥e7149 11,9332
Ly, phb 27,3324 2,4336 3.3936 ¥. 3499 3.9321
29,137 24,369y -3.3929 3.0h -y, 6641 -12.4819
44,299 18,3004 =9,9340 12,2348 -1,2232 -28,481y
.30 11,2023 -14.3699 1,3872 -1,2773 =42,64y9
(YT TTY 4,221Y =9.697¥ 1.1339 1.1944 46, 442y
291,884 4, Bk -7,1321 ¥.3962 -¥.88¥9 =33.9149
492,376 2.30¥9 ~4,4766 ¥ 3989 ~#.3314 -69.8136
¥§Y,333 1.4196 ~2,3434 ¥.1749 -9,3133 ~60.8334
Wll.3y 1,2394 -2.¥973 ¥.1331 -#,2383 -39,9199
1313,131 1,1229 =1,3364 ¥.1383 -#.167y 39,3769
2933272 Y948y =1, 8701 ¥.1168 -$,1318 -48,4673
RS, X5 CIRCLE F1T RESULTS= CIRCLE CENTER = 14,6466 9.9#38
RADIUS = 17,8243
F1T = 19,4934
R¥2 23,4204 RINF= -4,2¥71
MODEL PARAMETERS = Rl = 74§9,3781/FRQ
RP = 29,6273
RHO = P 3131YE pY OHM=CM
CPx y,11347¥E=p4
TAUZ  §, 4 1§1IMSEC E¥z ~89,42863 EINF2 14, 8Y)7§
PRy EP EPP
1,007 <p.873324E W2 -§.204368E §1
2,912 -9, Bb2493E Y2 -p,31Y231E J1
4,923 =g, B43742E Y2, -§ 46 T4P3E Y1
8.u3b -y, B2WLEUE w2 -H,bIUGIYE Y1
1,044 <y W1P223E p2  -p.7862YYE Y1
29,137 -p.To813¥E W2 -§,113713E ¥2,
49,299 =y 7HE391E ¥2 -, 13PI43E ¥2
89,386 -¥.627614E ¥ -y, 2Y8283E ¥2
lyy.bys  -¥,396619E ¥2 ~y.224093E y2,
291,004 <y HUTI2VE pI =Y. 264P94E K2
42,376 -¥.36b619E Y2 -¥.27¥393E ¥2
BHG.333 -, 243302E M2 -§.269473E y2
111, 93§ =y, 2W9W72E Y2 -8, 248943E pu
1313,131 -y, 14794yE Y2 -§,223268E y2
2933.272, =¥ YTYSHE Y2 -y, 2§2369E §2
DET. &N FUR R1=G/FW3n
R3,X5 CIRCLE FIT RE3ULT3- CIRCLE CENTER = 138.64B0  7),6484
RADIU3 = 173.729%
F1T = ¥.3396
e RUE317,3037  RINEZ _ gaNb]7
MUDEL PARAMETERS - R1 = 74yy.2¢31/FRQ
RP = 317,313
F F=1/2 Rl xP cP
10973 Boyyblh  1396,2349 <713.8491 -#,22Y7E-F3
2.0122 Wo7¥3p 1131.963% -478,8938 -y.1032E-y3
49248 Wo4983  bBT7.4Y30 =346.6374 =¥, 129JE-y3
S.436p ¥.3328 W18 74¥3  <192,4294 -y, 1y31E-P3
16, 9442 ¥.3133  339,36b2 -164,6832 -§,9622E-p4
29,1369 $o222F  217,9398 <1¥2.36Y3 4, 7721E-44
4y.29¥1 #.1373  142,2237  -v2,3217 -§.6339E-y4
89,3039 ¥.1113 92,1638 =36.9969 -#,3332E-p4
199.6¥36 ¥.¥997 79,2181  <39,7379 -9, 3144E-¥6
2¥1.8842 ¥.W7y3 46,0037 -17.6424 -y, bU69E-AY
492,570k I LIT] 24,9922 «1¥. 9818 -¥.3921E-¥Y4
¥¥9.3323 #4331 31,3314 =3.8776 -y, 3346E~YY
W11, 293 po3lb 0.7587 ~4.9384 ~¥,3100E-¥Y
1313,1314 ¥,oH236 3.8449 =3.8378 -y.2723E-04
2y33.2724 dop22l 3.6838 =3.3679 -y,2324E-y4

G= Y,21394E W4 N p.TTTYE wy
KNNNNNNZHRN GTQP NEHMNXNZEKZ
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Table 6-18,

6-23

Computer Output for Electric and Dielectric Data of -
Basalt Sample K, Pretreated in 10% NaOH for 23 Hours

ENTER NS,A0D
¥e9. 95916

PUT S5W1 UP FDR ELECTRODE CORRECTION

K1 9/29/7% 1erc

443,877
46,452
1045, 4is
1518.427
429,524

RS,XS CIRCLE FIT RESULTS-

R 59,5984

MUDEL PARAMETERS -

AoD= 4, 95916
RS S RAOD XAQD
59.4852. 6,9546 2,529%
41,5985 18,1495 1,629
4b,451Y 21.7561 1.0188
50,5080 18,7129 2,2152
58,2242 13.5727 2.2801
64,9485 ¥ogug2 2,3867
55,646 =15.9153 2,177%
4, 5458 =25,3645 1.5077
55,5752 ~25,8068 1.50869
17.9245 =21.6943 5.6667
3,153 =14,1124 #.5195
4,655% =7.8564 #.1815
5.8574 =6.5246 #.1583
3.2201 2.6455 #.1265
2.9661 =5.1648 #1162 =§.1258
CIRCLE CENTER = 51,8487 -#.4295
RAOIUS = 27,5827
FIT s 8.4044

RINF= 4.299%

P =

RHO = #,25204E€ #9 UHM=-CM
CP= #,777601E-45
TAUS 4285 MSEC

FRQ

445,827
36,452,
1405, 404
1518, 427
2W19.524

EEMERRREE
)
wa
o=
wo
-
-n
mm
-w
W

’ 4

#.952951€ 92
Mo 758451E 42
#.626757€ @2

UET, G,N FOR R12G/F¥%N

R1 =216537,6875/FRQ
R

55,4986

Ef= 287,57928

EPP
¥e761711E gy
#.151966€ #1
#i501654¢ §1
#.597985€ 41
¥ T47412€ 91
¥e143250€ 92
#.299966€ g2
#.554675E #2
#.674132€ g2
H.11M945E 45
#.154074€ 93
#.140650€E §5
#.864701E 92
¥.618956€ g2
#.477162 92

PHL
6.6651

=32,4527
=37.7168
51,8757
=59,.9862
«59.4671
=59,5420

59,3558
-46,8235

EINFE  29,81576

PHASE AND AMPLITUDE CORRECTED

z
59.0899
45,3693
51,2762
58,9058

RS,XS CIRCLE F1T RESULTS~ CIRCLE CENTER =  75.9658 42,4923
RAQLUS = 3.476
FIT = 1,649
Rgs  155.1117 RINF= =1,1841
MUUEL PARAMETERS = R1 = 1340#.5859/7RQq
RP = 154,2958
F F=1/2 R1 xP cP
1.94y5 ¥.9999  2/11,5076 -1151,9424 -4, 1581E=45
2,097 Y7054  1661,2422 «¥58,9255 -4, QubgE-gi
64177 #4989 1954,4907 =573,8958 -9, 6993E-g4
a,0287 #.5550  667.6863 =574,5154
14,4585 #.5155 585,9577 -522.9716
29,1552, #.2228  550,.5120 =215 9011 =4, 5745E-34
44,2576 #.1576  247,5275 -154.5000 -§,2959E=44
§d,2568 #ol1lb  169,1596  =82,7553 -§,2596E=44
1484016 #4998 145,6857 19952 =4, 250 1E=N4
2§2.1564 04795 9. 7hdh 39,0908 -4,1973E-44
45,8772 4497 43,6474 -23,1757 =4, 1700E-04
b, 4517 #.4552 22,8451 -4, 0806 -9, 1402E-g4
1U¥5, bébk d.u518 §7.9178  <12,1750 ~§. 150 gE-04
1518.4209 ¥.¥256 11,5225 10,5571 -4, LYL4E=H"
2029.5248 #.221 8,2059 =9.671F ~9.8109€-45
GE §, 522256 % N= p,75447¢ ¥y
5TOP bl
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Table 6-19, Computer Output for Electric and Dielectric Data of
Basalt Sample K2 Pretreated in 10% NaOH for 23 Hours

ENTER NS,AQD PUT SSwWl UP FOR ELECTRODE CORRECTIDN
W9i.dolan
K2 9729771 19pc ADD= ., 45184 PHASE AND AMPLITUDE CORRECTED
FrRy RS X5 RAQD XAQD PHI 4 ZADD
L 1T b,212y 15,4181 V.5842 ¥.8298 65,1649 14,7866 5.9144
2,424 13,2251 17,4562 #8178 14783 52,8242 21,8044 1.5533
hop2ly 21,2575 19,1558 1.3146 1.184% 42,9262 28,6152
8,453 33.2877 1.9548 f.0037 24,5545 34,3969
9. 99y 53,9513 2,4985 #.6662 17,6156 35,604
24, 145 36.5922 2,2629 [y T dodlys 36,5922
by, 29y 52,6115 2,4167 “¥. 6076 «16.7677 54,4594
84,580 45,2928 LT LY «¥.9255 52,7249 27,6865
194, up2 19,5869 1.2115 -#.9552 37,6749 24, 7459
242,156 14.3285 g.6307 i 705y 54,0695 16,3649
by3,226 5.2564 .3259 -#,5193 ~57.9655 9.9073
7,899 5.4146 ¥.1862 “¥.2971 57,9548 5.6697
Wi, ys5y 24,5495 v.1552 “¥.2669 ~57.8589 4.7161
1518.027 2,4795 V¥.1286 =¥.1726 =53,32§2 5.4846
2¥57,¥37 1.9898 ~1.951y #.1259 “¥.1194 b, 1447 2.7727
RS,X5 CIRCLE FIT RESULTS- CIRCLE CENTER = 19,1747 1.7055
RADIUS = 17,3574
FiT = l.6ud8
Ry= 56, bhyy RINF= 1.9495
MODEL PARAMETERS = Rl s 55“8!.8125/FRQ
RP = 34,5397
RHU = §,22555E Jy UHM-CM
CPz ﬂ.!lkbﬁSE-U“
TAu= 1.w9255HSEC EN=1445,56743 EINF=  54,77335
FRy EP EPP

Lowp g, 1ps0p8e iy
20024 Y, 1p278576 2]
bow2s  y,1p1298€ »h

Bew55  u, 485715 45 ¥

o990 J.97ug23E s
29, 145 W 911084E g3
bu.29y WeB16773E ys
84,386 W,GHu589E 5

100,482 p,b55645€ 5
202,156 y,474686E ¥5
485,226 J,354549E V5

HeY55844E y1
HoLBUSUNE 42
#o5414YSE ¥2
+BUSIYGE g2

¥.78b953E y2
Wolu6728E g3
¥.257235€ s
¥.39464uE ys
Y.425246€ g5
Y 428594 s
#.509787€ 45

$47.899 4, 224b2y€ 45 W.185759€ 43
Wll,95§  y,195625€ U5 W.1524854€ g5
1518.027  4.154113¢ U3 W 1gesurE g3

2037957 J.152991€ 43
BET. G,H FUR Rlzg/Fusy

Wo817719€ g2

RS, XS CIRCLE FIT RESULTS« CIRCLE CENTER = 62,9858 19,9821
RADIUS = i k253
FIT s hlaess
Kis 124,251y ELNF= 1.75497 i
MUDEL PARAMETERS - ] = 18626, 5829 /FRq
RP = " 122.4922
F F=1/2 Kl xP (44
Loupyi 9983 JBMEMST -bauusey -y, 25 70e-s
20805 by 2203 188 hIv.asuy R
4edasE puaus evzluges sypizaes 9116965
sihmy  US328 asiisrs Taaylsis) Lfagesccd
Jilass  Uesleh o u3hl9ads <192igase oyl gaencooe
I L N T HA 9163986y
2l STs  ayalsusa, —15gens 4L S1g6E-uy
$4.5859 W15 13gl2266° agipess -9 4225E-gy
I B T TR I YT 13 T TH
B seh G pulags Layloaas -4, sh126-gy
DNS.2258  ULhse eslgasy  Siaiiaad 8301869y
Wrssh  wlssi aulgwyy  TA3ATIS -4.2785E-g4
PMlaess s wlyyg L1 -0 2746E- g4
Bslaed  ylase  gulgeey 23300 -9.265gE-44

2Y37.4571 .p221 PV

G= ¥,25459E gy N= W.0b952E gy
STupP e

17 -2.8797

~#.2713€-g4

29506-3007
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Table 6-20. Computer Output for Electric and Dielectric Data of
Basalt Sample K4 Pretreated in 10% NaOH for 23 Hours

ENTER NS,AUD  PUT SSW1 UP FOR ELECTRDDE CDRRECT1DN

#91,12317
K& 9729771 1ypc ADDz  §,12317 PHASE AND AMPLITUDE CDRRECTED
FRQ RS x5 RAOD XADD PH1 z ZADD

1.yl =9.9475 14,6224 -1.2232 1.3083 133,1316 14,3327 1.7923

PRy 213 A.3441 11.2683 I LT3 ] 88,2373 11,2733 1.3886
4,932 7.1366 11,9394 ¥.8813 39,634 13,9299 1.7143
8.439 13,7439 8. 7449 1.6879 32,4263 16,2349 1.9997
14,042 13,8434 6,3483 1,9468 21,8843 17.0327 2,0979
24,129 17.3382 =¥, hu38 2,162 =f.,1431 17,3383 2,162
by, 238 13,2932 =4,7433 1.4839 =17.3673 16.0237 1.9739
4y,313 1d.6617 =7.1398 1.3132 =33.8114 12,8313 1,3843
14w, 343 9.1638 =7.4432 1.1287 =37,3483 11,3378 1,4236
241,613 4.9944 =3.9232 ¥.6147 49,8808 7.7432 5.934¢
4y2,376 2,6843 -3.9796 #.3346 =36.0034 4, 8003 #.3912
847,849 1,3431 =2,3423 ¥.1941 -36.6267 2,8049 #.3433
411,43y 1.2926 =1,9494 $.1392 =36,4378 2,339 #.2881
1324.913 1,391 =1.3612 o134 «32,1184 1.7247 f.2124
2422439 l.gube =4.939§ ¥.1289 -#.1137 =h1,899§ 1.4961 #.1732,

RS,XS CIRCLE FIT RESULTS= CIRCLE CENTER =  21.9436 39.4331
JRADIUS = 42,4324
FIT = 1b,4i31

Riy= 37.4883 RINF= 6.4g27
MUVEL PARAMETERS ~ R} = 2733.7339./FRQ
RP = 31,4838

RHU = J,46173E §9 UHM-CM
CP= ¥, 2Y3112E-y4
TAu= 1.79743M5€C Ed= 244,64394 EINF=  41,78333

FRy EP EPP
Lodl  4,249413E 43§ 14us87E 2
2,916 W.282122E ¥3 Y, 137484€ ¥z
4,432 ¥,193723€ y3 . 1682¥4E y2
8,439 w 1U414BE ¥3  ¥,177935€ e

d.pb2 Y, 184877€ U3 4.189388E ¥
20,129 J,16W6TE U3 Y.187743E e
49,238 S, 138H86E U3  9,192376E 92
89,313 J,143829E ¥3 4, 194364E 2
9343 U 141871E ¥3 i, 194411E e
241,613 Y, 129334E 43 4,192694€ ¥z
Y42,376  Y,117717€ §3 ¥.188294€ g2
847,599 4,196393€ 43 ¥.181388€ y2
111,434 4, 143224€ §3 ¥.178697€ y2
1324,913  §,9738yyE y2 ¥.173286E y2
2Y22.939  ¥.933395E Y2 9.169162F 2

VET. G.N FUR R1=G/FHNN

-

RS,XS CIRCLE FIT RESULTS- CIRCLE CENTER = 76,9643 3d.4073

RADIUS = 82,2643
F1T = ¥.8112
Ril= 133, 4927 RINF= B.5263

MUUEL PARAMETERS = Rl = 6763,3833/FRQ
RP = 132,8764

F F=1/2 Rl XP cP
lowdly 4.9993  1279,7668 -374.9148 =#.2783E-43
2,9102 aT443 983.9623 -388.d86§ =0.2434E~p3

bou3le Y4980 579,4182 -236,1473 4. 13418-93
8.4386 Y3327 411,393 -163,1936 ~4.12138-43
14,4422 #3136 347,7717 -144,3596 =¥ 1129E-43
24,1288 ¥.2229  199.3332  -37,6288 =0.9423E 44
44,2370 Y1376 129,1241  <33,9399 =¥.7329E-g4
84,5133 f.1114 83,8437  ~32,3g43 =“H.61198-04
i, 3423 ¥.1997 72,7788 -26.9471 -4, 38068-04
241,129 bl 44,3279 ~13,3819 =f.30668-44

442,3704 B498 23,4143 =8.7877 -#,4499E-44
47,8994 ¥.i331 12,9489 =4, 8648 <f 4y3gE-yu
1411,9293 do¥31y 9.9692 =4.4292 «§,3907E-94
1324,9126 ¥.4236 3.9026 =2,9726 -f,33208-g4
2§22, 4391 ded222 ho4384 =2,2127 -§,35578~44%

G= J.18310E Y4 N= 4. 74494E ¥y
srop
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The effect of sodlum hydroxlde concentratlon on the impeditivity at 1 Hz for
the three basaltic rocks is shown by the data in Table 6-21.

Tﬁe plot of impeditivity against the concentration, c, of sodium hydroxide
in the pretr'eating solution is shown in Figure 6-8. Apparently, impeditivity

-decreases exponentially with the electrolyte concentration following an

eq’uation of the form

-Ac
g = ge |
1 ' "
Table 6-21. Effect of Pretreatment in NaOH for 23 Hours
| ' ' Impeditivity at
v | 1 Hz, Megohm cm
' Conc. of NaOH . .
O :
: ; 0 11.0| 19.0 | 27.0
i ' '
' ; 1 i 7.0 9.0 | 16.5
| 5 7.4 | 5.0 | 3.5
- 10 2.4 0.9 1.8

The plots of log £ against ¢ for the three basalt cylindrical rocks are shown
m Flgure 6-9. The slopes of the lines in this figure allow a determination
of the constant K for each cylmdrxcal rock. Table 6-22 gives these straight-
line parameters.

l !
It is interesting to note from these limited number of data points that the
coeff1c1ent Kdecreases linearly with increasing rock length, providing that the
rocks ar e of the same dross sectipnal area. The variation of A withd is
'shown in Flgure 6-10 and indi¢ates a significdnt dependence of the rock
1mped1t1v1ty decay constant due to electrolyte impregnation with the length
of the rock samples !

! © Z9506-3007



J

= =3

i

6-29

ar

I Ty, | e o Oa

i i M i E 'l

i s
0 1 2 3 4 ) 6 7 i " 11

PERCENTAGE OF SODIUM HYDROXIDE (C)

Figure 6-8, Variation of Impedivity with Sodium Hydroxide
Concentration in the Pretreating Solution
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Figure 6-9, Semilogarithmic Plot of Basalt Impedivity with Concen-
tration of Sodium Hydroxide in the Pretreatin Solution
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Figure 6-10. Variation of Parameter \ with Rock Thickness
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Table 6-22. Exponential Decrease of Impeditivity with
Electrolyte Concentration

Length of Rock
Cylinder, d, cm

1

g {megohm)(ciz) [ A(ml. gm™')

0.956 11 0.07
0.605 19 0.13
0.304 27 0.18

EFFECT OF WATER SOAKING ON QUARTZ
ELECTRIC PARAMETERS

Three quartz (II) disc samples were cut from one cylinder with lengths 0.31,
0.61, ard 0.92 cm and are designated M1, M2, and M3, respectively. These
samples had a cross sectional area over length (A/d) ratio of 0. 122, 0.061,
and 0.041 meter, respectively. The samples were pretrcated in distilled
water, once for 24 hours and another time for 75 hours. After each pre-
treatment, the rock was dried in an 80°C oven for two hours before the
electrodes were applied and measurements were taken. Computer output data

pertaining to the untreated and water-treated quartz are shown in Tables 6-23
to 6-31.

The variation of the untfeated quartz impeditivity with frequency is shown in
Figure 6-11. Following a 24-hour soak, the same quartz samples gave the
impeditivity frequency relationships shown in Figure 6-12, When the soaking
time was prolonged to 75 hours, the quartz impeditivity changed with fre-
quency according to the curves of Figure 6-13,

29506-3007
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Table 6-23. Computer Output for Electric and Dielectric Data of
Untreated Quartz Sample M,

EleTLK 1S, AU PUT 33wl UV FUK ELECTRODE CORRECTION

slp. 1221y
Hl B719/72 AUD=  J,12219 PHASE AND AMPLITUDE CORRECTED
FRry RS x5 RAUD XAQD PH1 b4 ZADD
9.990 14,7771 =1321.3215 18,1791  =124,7953 -81.7189 132.10¢8 126.1124
2wapSu 153.0789  -559.1bl% 18,7774 -68.3239 =74,6386 579.8932 70,8571
bh.ibh v3.9872 =326.9499 7.8186 =39.9451 =78,9311 333.1132 40,7431
LRy F 1 22,3478 =177.57719 2,7347 =21.6981 -82,8332 178.9777 21.8693
99,999 7.4529 =141.1557 ¥.9197 =17.2478 -86.9841 191,3524 17,2718
299,535 5.0384 =74.8001 0.6494 -8.6591 =85.4572 71,0901 38,6865
“ap.bul 4.179% =3%,7135% v.517 =4,2616 =83, 1410 34,9662 48,2723
435,919 3.9971 16,9564 Y.b774 -2.07290 =77.030% 17,4011 2,1262
ldyl, 822 b.puis =13.471y v.b962 =1.6460 73,2312 14,0697 1.7192

RS,45 CIKCLE FIT RCSULTS= CIRCLE LLHTER = 3426.6367 84,7719
RADIUS = 3413,4722
FIT s #.9ud0

Rp=  6¥3Y.#557 AluFs 14,2173

MUDEL PARAETERS = R1 245878, 80J/FRY
RP 3 L26,8379

RMD 2 §,83560E 11 uHH=CM
CPz ¢, 987824C~55
TAU=  w?,.4382mit5EC Epzu3ldu,. 2235 ElnPs 9.11860

KRy €P EPP
9990 p BUpL2BE 93 ¥ 9BTSSTL 3
e 1n Veiuglye 3 $.521772€ 43
U, pLY W dUINTIE W3 W 2LTTHEE M3
Bpowbe W LWLLESE WS ¥, 136149E 3
99099 FAIVI2LE P3 y,1p9U3E 3
2900535  B.LILTUE w2z S.552051E W2
YPp el p.3LU9YIE w2 B, 27Y%81E 2
UnSeidY  Jo231424E€ w2 Y. 1WYLLIE M2
Towlo82s  5.204332€ o2 4.113425C 92

VET. ©,H FUR RISG/FHHY

Ro,ad CIRCLLC FIT RCSULTS= CIRCLE CENTER = 3426.6367 84,7719
RADIUS = 3413,4722
1Y = Va9udh

RyZ  vi39.9¥557 RINFs 14,2173

MOUCL PARNILTERS = W1 =2JS874.MpP/FRQ
RP 2 ud24,4379

F F=1/2 Rl X

P cP
3,996y ¥.3103=51693, 8516 -1939,P498 -4, 15326-04
000303858 LUt SE363630203838 3638 3028

Z9506-3007
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’ Table 6-24. Computer Output for Electric and Dielectric Data of
i Untreated Quartz Sample M2

‘j 6-33
]

CHTLR 1is, AvL

PUT 551 Uk Fur ELECTRUDE CORRECTION

{ »llopulse
-
2 1219/712 AVO= . J6134 PHASE AND ANPLITUDE CORRECTEO
Fry RS A5 RAUGD XAOD Pl z ZA00
YTy 154,555 =1557,u934 Y4791 =-43.289 =-83.512¢ 1366,4609 83,8186
i Zy.pY0 239,159y =T4u,5270 14,1167 =45.7797 =72,8676 781.085¢9 47,9068
4. lvl 87k 452,839y 5.3569 =27.77171 =79.1299 461.1217 28,2852
Ivdopuy 52,5557  <-194,3854 1.9846 ~11.9236 -80.5562 197.£596 12,9876
dud TS veky22 =J5.7117 ¥.3382 =5.371y -36.1259 95.9516 5.8844
4¥2.570 4,9239 47,4474 weSH24 =-2,8359 =34, 0203 47.5054 2,9017
w5,572 S5.v175 =d2,7543 Vo378 =1,5945 =77.56£5 25,2814 1,428
L luwl.e22 5.4558 “le.W18y ¥.5489 =l.1452 =74,3905 18,7985 1.1476
R9,&5 CIRCLL FIT RESULTs= CIRCLE CENTER = 6167.8789 236,3789
RADIUS 3 u155,5449
FIT s J4.8996
o Ry 14514,5918 RINFz 21,100y
IWULL PARAILTERYS = Rl =14312J4.502/FRQ
nP 2 12293,4258
KW 3 »,75558L 11 oit=cn
CP= . LYSESYE=NS
TAUZ  65,6365SHSEC Evz7453,95510 EINF=  12,310p9
FRY EP ErP
9.976  p.123441C Ju Vel37741E g4
2hepdb 9, LE3997E 5 VeT25779€ S
“ualbl Y, 3714548 ys Ve574021E WS
Ibwevw  p,IUSYETE Y3 H.155081E JS5
4wl 783w, 9YSWBLE W2 ¥e.782209E 2
“pd, 574 We528554E w2 Vowil29JE Y2
5,572 w,5353J04E Y2 V205722 42
lwwl 822 §,295871E 2 4.166193€ ¥2
VET. G,1e FUR R18G/FRIY
KS,X5 CIRCLL F1IT RESULTS= CIRCLEC CENTER = 6167,8789 286,3709
KAULUS = L1S3,38¢9
FLr 3 ¥.8996
REE 12319,5918 RINF= 21,1606y

TWUEL PARAMETERS = p) 2123124,502/FRQ

RP = 12295,4258

F

99701
RHRGIORURR ¢

F-172

Ve3l6b1d477s,

Rl

IO

559 =1374.79

X

P cp
42 =i 1164E-(4

Z9506-3007



Table 6-25,

LHTER 155, Aub PUT a5h1 UP FUR ELECTRUDE CORRECTION

vid.wwpul

M3 1

("
Wen5e
dy.luld
LT

lupeviy
dwl,u13
“pe.570
5.uvYy
luwl. 22

R3,A5 CIKCLE FIT RLSULTS-

Kyz 17545,2017
HULLL PARANLTLR

KU = w, 71209k 11 utii=CHl

CP= w,574335E-y
TAUS lpp.b7yl4il

Fry
1y.¥52
TR
YNy

v
¥l bl3
4wl 570
rS.wwYy
lupl, 22

DET, w,l FUR K

R3,X5 CIRCLL FIT RESULTS-

Rua 17545.4017
HUDEL PARAMETEKR
F

L,w523
HRABARARRAL L6

6-34

Computer Output for Electric and Dielectric Data of
Untreated Quartz Sample M,

114772

XS
1193150
474,381y

19,1425
YR YAl
4. 5858
“.3549
S5.191y
5.3707

v -

AuD

A
1573,3510
965,521y
-S4y, 7439
“433.187n
=112,897y

=54,9410b
=du, 3542
d¥,7349

1

Voo

KAQD

w b3y
1.dbul
4.V2838
1.1852
#1802
do 170
veldlyy
vellBs

PHASE AND

XAQD
=b3. WIS
35,1878
21,9634

=9.4221
~4,5859
-2,2317
~1.803
-y.8422

CIRCLE CENTER = 8785,55J8 299,.9439

RAUIUS = 8764.8477
. 8574

F1T

R1NFz= 25,837
Rl 2129914, 218/FRQ

RP = 17519,4219

5
SLC

(€]
¥Wel53822E
o BubgpGE
¥ 9855037€
[IXXETIE]S
veluyhlyt
AT IYS
FRLTYLYTS
#.355727¢E

13G/F%iy

L)
v3
v3
w3
»3
wd
wi
v

Evzslg839.2

cee

dolTdviuE
v.885452E
¥.4S54E3E
V. 18LY9NZE
(RS LTI P21S
Vou79128E
Ve2b3294€
Vol90433E

9

57

'
i3
L3
V3
v
'Y
J2
¥2

ElNFs

CIRCLE CENTER = 8785,5568 299,9439

RADIUS = 8764,8477
Y.8574

F1T

RINF= 5,837

S - R1 212991y, 218/FRQ
RP = 17519,4219

F=1/2

Rl
#.315u=b35uy,wdyy 1577,

LR LR R T R

9

Xp
88

<
12 =y,

Wi 3E-14

29506-3007

ANMPLITUDE CORRECTED

P
=35.9956
72,5365
~79.6118
82,874y
~87.68J8
-85.4202
-78.8613
=75.4686

15.96235

Z
1577.2143
987.3689
549,7292,
235,p958
12,9981
55.1142
26,8567
2L,4286

ZAQD
64,B608
36,8573
22,3298

9.,5459
4,5897
2,2387
1.9909
g.870
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Table 6-26.

Computer Output for Electric and Dielectric Data of
Untreated Quartz Sample M

Water Soak

6-35

LHTER M3, AUL  PUT 3341 UP PUR ELECTHULE CURRECT o

wedodidiy

HL 2w

4203.451

Pobiny

A3,43 LIKLLL FIT KidubTye

LTS dol54>

WULEL PARAILTLKY = R

v 8 podlelit pu UG

Lre podedudsteps

Trvs  paallowbatt

FRa
bawpd
doviv
w2
Sewdd,

irsniw
du,dls
w.b i/

“widav
owiomuy
[T EIE
rideanid

AJDs

“wodabe
“ridpdy

412219 PHASE AND AMPLITUOE CORRECTED

RADD XAQD PHL
#2030 s dlly
volyys “d.dlidv

[ 23] LI FL1) “17.9160

CIKLLE CLNTEX s Lovwn? #7206

RAULVY
nar
"ilFs vedwyy
12 3yl.eelsfriy
P = l.5edd
Evsluyyobdnl
tr Ly

roiudnlul py wodlnsliL
reiulliot we  p. 797303k
podllseie we volpsesar
[ZRIER2 FTTY wolwdendt
wodlwnbic we wed5Y450E
Pobbdutyl pe vedwuplit
veldidaat pv »edSUB3LE
PebdIuwit pw [ FETTLTITY
Med3wgldk e #e3l3dpit
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Water Soak
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Computer Output for Electric and Dielectric Data of
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Untreated Quartz Sample M
Water Soak
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Table 6-29. Computer Output for Electric and Dielectric Data of
Quartz Sample M; Following a 75-Hour Water Soak

ENTER NS, AQD PUT SsWl UP FOR ELECTRUDE CORRECTION

Irs, 12214 =
M) 75 MR AODx  g,12219 PHAST AND AMPLITUDR CORBECTED :
FRY Hs YADD PHl
1.999 S. 3284
2,018
4,029

-4
20,9207
-11,7592
=28, 4448
55,9406
-$5.1249
«53.9548
30, 4848
MS,XS CIRCLE FIT RESULTS= CIRCLE CENTER = 2,8856 1,7549
RADIVS = 3,11163
FIT = 2,0303
Hyx S.4887 HINFE 1.5174%
MUDEL PARAMETZRS - Rl = 1143.9126/FRQ
Re = $.1364
KHU 2 J,ee0S9t ¥ UHM-CH
CPs ¥, 125530E-d% ‘v
TAuz ¥, 78LISHSEC Ep=2275.80328 EINFR 152,48579

FRy 114 (144
0,999 4.2:21099E J% g, 632388¢ g2
2,013 W 217063 J%  g.955848¢ 42
M2 4,2126032 % g.am1027E 03
8.0l Y,203162E W4 g, 2083468 J3

uopeh  §190J928 e J.31029SE 43
“.w96 S DTSBISE Je Y, 8186638 #3
84,128 W, 1S314SE gv  4,509878¢ #3
99,900 4. 183769E #4 [
200,072 §,120901E yb
491,929 ¥.902137¢ 43
3,372 J.7%1M6gE 43
Wu3.030  J.678381E ¥3  J.423201€ 93
025,783 .511765€ 45 9.321297¢ 08

VET. 6.H FOR RlzG/FEEN

K3, X3 CIHCLE FIT MESULTS- CIRCLE CENTER = 2.8056 1.7549
RAD1VS = 3.1143
Fir = 2.0393

= $.4337 RINFR ¥.3174
-..._.ngksx.zaxau:xzsa.;...f}.s..a

F F=1/2
f.9983 Loowy?

1903, 6497
2p23.7827 J.g222 J.9029

CE g, TUNZUE Y2 Nz §.49979E ¥p
HANNENNNNEE GTOP NNNENNNNNZN
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f { Table 6-30. Computer Output for Electric and Dielectric Data of

{8 A
Quartz Sample Mgy Following a 75-Hour Water Soak
| 8
ENTER 55,A00  PUT SSW1 UP FOR ELECTRDDE CORRECTION
1) 0746154
M2 75 W A0Ds 4, 06154 PHASE AND AMPLITUDE CORRECTED
rRq s RAOD Pl z 2400
¥ 2.7131 1.1666 -5, 9645 2.7196 1.1668
2,6621 9,165 4,603 2,6714 9.1638
2,6199 1.1687 -4,5669 2.6282 1.1612
t 2,5629 1.1572 -5.1905 2,573
2.5700 1.1576 -b,5100 2,570
27,4926 5.1529 -5, 5661 2.5057
2,3076 4, 1465 -6.9511 2.4848
2,1083 -1.5557 1.1348 -9.2488 2,2181
2,2115 -0.0007 9.1356 -11,2750 2,2568
1.99%1 -#,5853 9.1168 -16,2509 1,9834
1,500 -9.5655 1.0969 -19,6094 1.6786
e 1.2250 -23,5616 1,3322
193650 1.1567 -22,2297 1,2676
2029,529 10853 -1.2079 -10,0124 1.9512
S,XS CIRCLE FIT RESULTS- CIRCLE CELER = 1,467  #.9936
RADIUS & 1,5882
[+ T s 2,618
R~y 2.8171 RINPS 14764
MODEL PARAMETERS - R1 s G41,5#10/PRa
RP s BT
RHO = §.1728JE #8 OHM-CIt
CPa 4, 1586 0E-45
TAUS ), %23STMSEC Efs1645,55648 EInFs 278,20858
iQ EP EPP
LALA ALIGHGNEE %  #.579263E #2
2,006 J.15001SE Jh  §,561229E #2
Goddle B, 156216E g% 8,766130C §2
0,89 U 1SI4T6E Wk 0, 196042E §3
W10 9,1509628 B 4,110615€¢ 83
20,153 #,10SU36E gk §.168193E 45
“.193  BLA3TUSIE g% J.200030€ g5
84,506 D, 1266JSE A4 §.256013€ #3
90,900 #.122020€ »%  §.270709€ g5
204,267 S, 1H9380E Jb 9 5US256E 43
“#5,246  9.9SBLJE S5 A.316200E 3
Sy A.BS1I49E 43 JI209059€ 45
193,65 #.7S7611E 43 6.209630€ g3
2029.570  U.6524S5E #3  4,246336€ g5
UET, G,N PUR Rlrg/pREy
RS,XS CIRCLE PIT RESULTS- CIRCLE CENTER = 1,6467  f£.9956
RADIOS ®  1.3852
1T s 206018
R .0 RINFS 9.6764
T RGUTL PARANETERS - R1 w GR1.SAIAIIRG i
RP = W7
r-1/2
9.998¢0
#7861
J.hy97 J1793€-42
V3554 L10S1E-02
1.5159 L7295€-43
.2220 L 4929E-43
1.1:77 JSHulE-g3
Jd11s 2 -
'n.l»nx R
».8700 1001€-43
$opugs 14S1E
¥on3s2 12039€
'RIIY 5 J10968-43
28295490 bowiil do781% 9. 9921E=gh
Gz JLISYITE 2 Ns B.31379E g4
sToP
}
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Table 6-31. Computer Output for Electric and Dielectric Data of
Quartz Sample M3 Following a 75-Hour Water Soak

ENTER NS, AUL P T 55Wl UP FUR ELECTRUDE CURRECTION

V9. 06p62
M3 75 HR AODs  f, fuge2 PHAGE AND AMPLITUDE CORECTED
FRY RS RADD XA0O PHL 2 2400
109, 42ps b.k204 8. 7212 =9.2502 110,6566 44067
192.0885 4, 1667 -, 9651 15,1883 1h.014g b,2878
3. 1600 =1.463) =14,0518 85, Thbg 3. 4829
S.0277 =1,5622 27,2954 34069
$.2119
2,4761
1.7627
1,120%
9.9601
J.585%
B 36,
.2068
RTIT 578 =$2,7426 ] g.1752
929,580 =l.b6sb [T 00674 -59,4378 2.6163 s.ape2
R5,XS CIKCLE FIT RESULTS- CIRCLE CENTER s 59,1587 21,5426
RADIVUG 5 62,2774
(434 s 1.3499
LU PP YT RINFE #.6526
MUDEL PARAMETERG = Rl = 7954,6258/FRQ
RP s 117.4122
RHU 8 §.47707€ §9 OHM=CH
CPe 4. 3805201 =gk
TAUR b, b JuSeHSEC E¥s$21174,226 EINFz 113,03649

Fag [14 EPP
1010 #.199243E #5 4, 12819s¢ e
2,018 P.191155€ 93 $.20CH90E Jo
[ Y1 1Y D 168492E ys P.M21077E P
3.915 P 16HeYOE o8 Vo e1TIPE de
. dly V.153222E 48 D547 TH9E g
d.000 P 127139 ¥3 V.697200E db
“y.l28 P.982645E 4 $.750837€
.12 #.795935E yo Voh2200BE g4
99,607 V.627015E Wb . STUGNBE g4
l.wr2 PouluSSTE db 0. 3950 33E su
492,570 P.I00ESSE db [ 223313 TN
868,572 b, 1003y0E b4 W.155599E b
lds, e 89 P le3UB0E w6 ¥, 132290E s&
029,524 $.095005E s #.782081E ¥y

VET, 6,4 Fun mlsg/puny

A5,X> CIRCLE FIT RESULTS- CIRCLE CENTER = 59,1507 21,3626
RADIVG = 62,2274
F17 s 1.3499

RS 117,644 RINFS $.6326

~ MODCU PARARETELRG - K1 & 7954, 4258/F R
RP = 112.4122

r Fel/2 ]l xp cr
1.08%7 $.9952  4pbi.528 =0l3. 4500 =9, 232J0E-p3
2.0151 #7005 1184.0798 =456, 9467
b.0065 b6y “o7.6208 -241.3152
3.4128 ¥.5558 465.0025 o} %699

Wodidy §.3161 bl2,6088 #5s

29,4804 $.2251 57,1445 =91.1ed8%
Y. 1204 ¥.1579 163.1929 =54,271% <, 730BE-F
[T IRYIY] .1 98,5731 51,6481 -9,6277E-s¢
99,6410 voldpz 81,6500  «26,9432 <, 5931€-94
9726 d.0748 45,6016 -15,6855 -4, SHubE-g4
02,5700 #0490 22.5917 *9.8872 f 4351E-Fu
5.5718 ¥.95882 .2294 =5.363% <§,3695E-44
1yys.bbyr ».¥4315 B.b2p4 =4, 5150 <9, 5514854
229,520 bovizl S.4751 =2.818% <J.2785E-44

G5 J,26960F Y4 Ns ¥, 80274E 1]
HEMMKKEXESS ST P MMSNXKMMESK
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The electric and dielectric parameters that exhibit the most significant change
with water treatment are chosen and given in Table 6-32. It is noted that the
resistivity at zero frequency (dc resistivity), P decreases by about three
orders of magnitude by mere soaking in water. This explains the frequent
difficulties experienced in working with quartz where the output was often

very unstable and exhibited considerable d-c drift, apparently due to slight
changes in environmental humidity. The decrease in quartz resistivity with
duration of soaking time is illustrated by the curves in Figure 6-14. The d-c
10, 7.55x 1019, and 7.13 5 1910

ohm- cm for the three samples, with an average of 7.68 x 1010 ochm-*cm.

resistivity of dry quartz was 8,36 x 10

The water-treated samples exhibited larger variability in resistivity. In
addition, prolongation of .sater treatment beyond 24 hours produced little
variation in Py except for the thinnest sample M1 where a slight increase

in Po occurred at larger soaking times. This is suggestive of the leaching out
of the conductive ions by prolonged soaking, a phenomena which should occur
more readily with thinner rock samples.

Figure 6-15 shows the variation of the dielectric constant at the limit of zero
frequency, Ko, with soaking time. For quartz the decrease in dielectric
constant with soaking time is much smaller than the decrease in resistivity.
The decrease was nearly linear except for the thinner sample M1, where }(o
appeared to increase with increased soaking time after reaching a minimum

at about 40 hours.

The foregoing experiments were planned to illustrate the effects of rock

water content and alkali (mobile) ion content on the rock electric and dielectric
properties. The experiments suggest a choice of certain electric or dielectric
parameters that respond the most by change in water or alkali content.
Further experiment should be done with shorter pretreatment times to show
whether the chosen parameters can indeed be used to measure the quantity of
water retained in the rock. The experiments described in this section are,

therefore, illustrative in nature and by no means quantitative. Developments

Z9506-3007
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of procedures to measure the water conteat in rocks, while not the intent of
this research, can nevertheless be improved by choice of the optimum electric
or dielectric parameter; i. e, » the one that exhibits the higliest sensitivity

to the presence of water or sodium ions. This research shows beyond doubt
that the zero-frequency parameters (dc or those extrepolated from measure-
ments at low frequencies) are the most sensitive or.es, while the high-
frequency parameters show little or no variation by presence of water or
mobile sodium ions,

Z9506-3007
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SECTION VII

MODELS TO SIMULATE THE ELECTRIC
AND DIELECTRIC ROCK BEHAVIOR

This section is concerned with the mathematical description of physical models
selected to describe the experimentally obtained electric and dielectric data on

rocks.

Conventional models, such as the one by Debye (Ref, 18) and K. W. Wagner

et al (Ref. 19), have been able to explain many fundamental characteristics of
molecular behavior. They do, however, fail to explain the dielectric charac-
teristics of complex systems such as rocks. For the interpretation of data
obtained during this study, a mathematical model will be introduced that is
able to explain many of the rock impedance characteristics. A metbhod of con-
verting the impedance data into the complex permittivity data is also treated

in detail.

In principle, it is always possible to simulate the impedance and dielectric
behavior of many real systems, rocks included, by circuits composed of
frequency-independent parameter components. An impedance whose frequency

dependence is given by

R_,.
Z = r + _p(i) (7-1)

2 . l-a
T l+ider)

establishes a circular arc in the complex impedance plane (Argand diagram).
In this equation, r, is the impedance at infinite frequency (equal to the resis-
tance then, since any capacitive reactance will vanish and the presence of
inductive reactance is not anticipated), Rp(i) is the ith component representing
a difference between the zero and infinite frequency resistances, T is a

Z950€-3007



7-2

constant with the dimensions of time (relaxation time for the ith component

or subprocess), and a is a constant between 0 and 1, but less than 1.

The impedance circular arc subtends an angle, 29 at the center, such that
L] ._..."21. (1-q), Fora rock system, the angle o is called the rock phase angle.

From Equations (7-1) and (4-1), and with the assumption of an a of zero, we

can separate the real and imaginary parts of the impedance to:

Roi wri Ry
R, = Ty —B— X =Z (7-2)
1+(w‘1’.1) i 1+(wT.1)

The relationship between X o and Rg can be shown to describe a semicircle.

These equations can also be represented by a plot of X versus log w or log f.
This representation is of particular value in determining the magnitude and
frequency of the maximum value of X (turnover frequency). Equation (7-2)
predicts that the maximum value of X is R /2, while the relaxation-time is

found from the frequency of the maximum, Wy, oy thus

1 1
T = e (7'3)
wmax 2n fmax

Impedance data for rocks have been found to describe a circular-arc plot
when displayed in an Argand diagram with the series reactance as ordinate
and the series resistance as abscissa. The display is never & full semi-
circle, but is a part of a circle wﬁose center does not lie on the real axis
(resistance), and is substantially below it. The phase angle is defined as half
of the angle, gubtended by the circular-arc at the center of the circle, i.e.,
between the two radii of the circle defining the two points of intersection of

the arc with the resistive axis.
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An ideal dieleciric dispersion model (Debye Model) is easily simulated by a
parallel RC unit, and can be shown to give a full semicircular plot upon trans-

formation to an isoimpedic series RC unit.

Sinbel (Khalafalla) (Ref., 20) dsrived various analytical proofs of the semi-
circular arc in an aitempt to describe the relationship of the equivalent
series reactance to the corresponding resistance. The derivations were
based on a parallel-to-series transformation of electrical models with a
single time-constant. In the simplest case, it was shown that the transfor-
mation from a parallel RC urii (with frequency independent components) tc

an adjustable series RC unit (with the same total impedance) results in a full
arc plot in the Argand diagram. The locus of the series reactance, X,

when plotted against the series resistance, RS, follows the analytical equation
of a circle of radius, %— Rp, where R _ is the parallel resistance assumed to

-

be a constant quantity characteristic of the system, thus

2 1 2 _ 1 )
xs+[Rs-2Rp] = 7R (7-4)

2
P
The center of the semicircular plot should then have the coordinates (0,%—Rp)
and hence is located on the real or resistive axis. This seems to represent

a very idealized situation, In real systems the semicircular arc observed
experimentally is usually translated vertically downwards so that its center
has the coordinates. (n and -m) and accordingly follows an equation of the form

[Xs+m]2+[Rs-n]2 = a2 | (7-5)

where m, n, and a are constants related to Xp and Cp'
An electrical model with a single time constant will be developed to account
for the experimentally observed electrical data of rocks. The model will

also permit a determination cf the dielectric data of rocks. In addition, the
introduced model allows one to select the parameters that are strongly
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influenced by rock conditions, such as the inclusion of water, mobile ions,

entrapped gases, pores, and cracks; etc.

ELECTRICAL ANALCG WITH ONE FREQUENCY
DEPENDENT RESISTANCE

An electrical model, Figure 7-1, in which a frequency dependent resistance,
r is shunted across the condenser, C_, is capable of describing a circular
arc in the series domain with a vertically displaced center (Figure 7-2). A
condition to be imposed on the resistor, r,, is that its value changes inversely
with the frequency such that r, = «?—, where g is a constant and f is the fre-
quency. The total impedance of this model is given by
jir. X
R ezl
pry+ X
Z = X P oyr
P % ry p.X
+r, +
pT 1T

2

r R X2 (r, +R) 2 R®x

p 1 P + jg—g—R P e
+ X2 (r. +R)2  rPRS +X° (r, + R )

p 1 p 17p p 1 p

1
2rl
rlRp

1
o

(7-6)

2

R+ jX_.
s s
From which one obtains

P (7-7)
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Figure 7-1. Electrical Model That Produces a Circular
Arc Plot

\ /

Ry * T, = 300 OHM N J
C. « 1p FARAD AN R

150, 000 0
r, oo 190,000 \irRE 1 1S THE

Pt " rrequency

Figure 7-2, Circular Arc Plot Between Equivalent X
and Rs of the Model 8
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Taking the following. representative values for the electrical pa'trameters,

R

C
P

X

7-6

r2 R2 X .
s 3 21 5L vl L ¥ (7-8) | |
rlRp + Xp (r1 + Rp) ' . |

. : | ‘ ;
r2 = 300 ohm - : '

1 microfarad

150, 000 ohm per second, such that r, =;-§- = 300 ohm at a ‘ !
frequency of 500 Hz, one is able to calculate values for . |
RS and Xs at various frequencies, ' These calculations '
are given in Table 7-1, : . j

1

Table 7-1, Equivalent Series -Resisténce g'md Reactance
for Electrical Model of Figure 7-1
]
| | 1
f ry Xp ‘ Rs Xs .
(Hz) (ohm) | (ohm) (ohm) (ohm)
. | Y
0 150, 000 159, 000 599 0.6, 1 '
10 15, 000 15, 924 594 5.4 ’ | J
100 1, 500 1, 592 544 . 38.3 T, .
300 500 531 467 58,9 . ‘
500 300 31:8 423 57. 8 | ‘ ' |
! !
700 214 227 396 52. 8
1,000 150 159 372 ' 45, .1 ! !
10, 000 15 v 16 308 7.1 ‘
. !
| |
H'
1 '
I* !
Z9506-3007° : i *
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§

The plot ofX against R as shown in f‘igure 7-2 is found to describe a

circular- arc w1th a depressed cenfer and whose boundary values satisfy the
hmltmg values required by the electrical model of the circuit in Figure 7-1,
Thus, at infinite frequesncy, both rl and‘Xp become zero, and the total im-
pedance of the network e juals ry; i.e., '300 ohm. The first intersection
‘point of the circular- -arc with the R axis is also found to be 300 ohm. At
zero frequency, the llmltmg 1mpedance of the network becomes (Rp + ry )

= 600 ohm,

! . : :
It appears, therefore, that the electrical model of Figure 7-1 gives a realistic

analog to a system displaying a circular-arc plot in the Argand diagram, The
limits of the rock impedance at zero frequency would be given by (r +R)

, and, at infinite frequency, by r,. A direct estimation of r. and Rp 1s thus

2° 2
p0531b1e by extrapolating the ‘circular-arc to intersect the real axis. The

unusual, resistor in this model is ry =f£ where g is a constant given by

g = 2nKCp - _ (7-9)

where K is a constant related to the phase-angle, and Cp is the frequency
independent rock capacitance which can be taken as a constant.

} B
The rock phbase-dngle, v, would only be dependent on the values of Cp and

ry and, since these two components are in parallel, then
I 2 ! :

| _ i
o = tan"! ?1-} = tan”} Kic. (7-10)
lP
and, hence, ’
! K'= cotan®, Qro =tcotan'1K. (7-11)

| _ I '
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The ...gle, ® would also be identical with the experimentally measured
phase-angle between the vertical through the semicircular-arc center and the
line joining it to either of its intercepts with the real axis. Thus, experimen-
tally determining the rock phase-angle, ¢, in each individual case would
enable a determination of the constant K required to calculate ry.

To calculate the turnover-frequency, one can make use of the fact that it is
the characteristic frequency which maximizes Xs. Upon differentiating
Equation (7-8) for XS with respect to w, it is possible to derive (see Appen-
dix B) that the turnover frequency is given by

£ e 1 (7-12)

max
2rR. C ~/1 +K
PP

Despite its unusualness for being "electrically unrealizable," the suggested

model of Figure 7-1 provides a mechanism for explaining the observed results;
i.e., a circular arc with a depressed center in the Argand diagram relating
XS to RS. Previous literature on electrode polarization had often revealed
many such unusual electrical components, similar to Ty in the model.
Warburg (Ref. 7) stated that the electrochemical polarization resistance is
inversely proportional to the square root of frequency; thus

R = R+\ngv (7-13)

where Rm is the measured resistance, R is the true electrolytic resistance,
and g is the polarization resistance at a frequency, f, of 1 Hz. Fricke
(Ref, 21) had also proposed a capacitance for cell membranes that changes
as a power function of frequency.
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CONVERSION OF IMPEDITIVITY DATA TO COMPLEX
PERMITTIVITY IN A RFAL SYSTEM

This subsection is concerned with a method of transforming the experimentally
obtained electrical data (Argand diagram) into complex permittivity (Cole-
Cole diagram). The technique used here invokes a single relaxation for both
the circular arc plots in the Argand and Cole-Cole diagrams, and will be
denoted as a ''bracketing" technique. This method relates the boundary points
for both the impedance and dielectric circular arcs with one characteristic
relaxation time. Previous investigators (Refs. 19, 22, 23, and 24) used

a distribution of relaxation times to account for dispersion in a real system,
Unlike our electrical model, a mathematical distribution of time constants
cannot provide a one-to-one correspondence between rock characteristics

and their electrical parameters.

The relaxation time for a diclectric dispersion process following the Maxwell-
\Wagner mechanism is related to the vc'ume resistivity by the following equa-

tion given in Vera Daniel's monograph (Ref, 25).

= 7-14
T X €.0 ( )
where o0 is the volume resistivity defined by
A
R-0o(3), ore - r[§ (1-15)

At the two boundary points of infinite and zero frequency, respectively, the
application of Equation (7-14) with the provision that the value of ¢ decreases

with increasing frequency, leads to

-‘i) (7-16)
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Also,

L MRl R, (%-l (7-17)

This is justified under the assumption of a single relaxation time,

The dielectric permittivity at infinite and zero frequency can therefore be

calculated from

£, = h%j[fH (7-18)
and
o -t w10

Both Ro and R_ can be determined from the experimental impedance circular
arc as the points of furthest and nearest intersection with the real axis. The
. relaxation time, T, can be determined froimn the experimental impedance data
by the maximization of XS with log f. The maximum reactance appears at a
frequency, fmax’ such that

1 1
w T =1l,0orT = 5 ; (7-3)
Ymax 2"fr'nax

The relaxation time can also be estimated in terims of the model parameters.
A detailed derivation (given in Appendix B) leads to

T = (R, - R,) Cp Y1 + cotan® © (7-20)

where @ is the rock phase angle derived from the impedance diagram as
follows:
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) R_- R,
® = sin —&——zr (7-21)

where r is the radius of the circle whose arc represents the Argand diagram.

The Cole-Cole parameter (Ref. 24), o, is related to the phase angle, o, as

follows:

(7-22)

© = (1 - a)

o3

In the ideal case of a Debye dielectric, ¢ =—T27- and @ = 0. In general, aisa

fraction, usually close to 0. 5.

The capacitance, C_, needed in Equation (7-20) for calculating the relaxation

time can be obtained from the impedance data combining Equations (7-7) and

(7-8) leads to the result:

=
2 (7-23)

E =
w[(R - R )2 +X2]
w ®

W

In practice, the plot of C_asa function of frequency shows a sharp decrease

between 0.01 and 100 Hz, which is followed by a plateau between 100 Hz to
2000 Hz. The average value of this plateau is considered to represent Cp'

m Equation (7-20) by using the
from Equation (7-3), and Ro'
ted that T determined by

The capacitance Cp can also be determined fro

model-independent value of relaxation time, 7,
R,, and v from the experimental data. It was no

the maximization of Xs (7-3) was in close agreement with that determined

from the model equations (7-20).

Using the phenomenological equations of the complex dielectric permittivity

given by Cole and Cole (Ref. 22) and in V. Daniel monograph (Ref. 25) as
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€= ¢ +—2 ‘”1-0, = €' -Je” (7-24)
1+ (Jwrt)

Equation (7-24) is separable into its real and imaginary parts using the

identity:
@B " (1-25)
to give
N L sinh (1-¢) s (7-26)
= T cosh (1-a) s+ cos [3]
and
o . % (e - ¢€_) cos (-‘;—i)_ (7-27)
cosh (1-a) s+ sin (%}
where s is given by
s = loge (wr) (7-28)

The plot of € ' (w)or X'’ =¢ "/er) as a function of € ‘(w) (or X’ = ¢ ’/er) as
calculated from Equations (7-26) and (7-27) gives the Cole-Cole diagram,

The necessary operational steps in accordance with the foregoing equations
were, therefore, added to the computer algorithm to extract the dielectric
permittivity data from the specific impedance parameters. Provision for
c..recting the measured impedance parameters for electrode effects was
also included in the program. Note that the calculations of dielectric param-
eters according to this procedure can be made independently of any assumed

model. All the needed quantities Ro' R_,7, a.d T are obtained experimentally.

The proposed model in this section can, however, be used to calculate 1
according to Equation (7-20).
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EVALUATION OF THE MODEL PARAMETER,
ry FOR BASALT

The model transformation equations from the parallel to the series domain
were used to solve for r, of Figure 7-1 (with no condition impos=d on its

frequency dependence). At each frequency, r, was calculated from the mea-

sured values of Xg and Rs at that frequency.
Combining Equations (7-7) and (7-8), one obtains

R_ - ry Xp (rl + Rp) Xp

s
q F 5 (7-29)
Xg r, Rp (rl//Rp)
Xg Xp = (R - ry) (rl//Rp)
(Rs - rp) () Ry (1-30)
(rl + Rp)
(R_-r,)(r,R )
and Xp S g 2 l1p
Xs (rl + Rp)
Substituting the value of Xp from (7-30) into (7-8), one obtains
i r, Rp Xs (RS - r2) )
Xg © ) 3 (7-31)
(r +R) [xs + (R, - 1) ]
Hence,
r R (R -r) = (r, +R)X2+(R_-r,) (7-32)
1 p s 2 1 p' s s 2
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Solving (7-32) for r,, one obtains

RD[X: + (R - )]

) (7-33)
Rp(RS - r2) "Xy " (Rs - r2)

I‘l= )

One can also calculate Xp at all frequencies by combining Equations (7-31)
and (7-30), thus

2 2
X=Xs+‘Rs'r2’ o1
P XS pr
and hence
-X
€y # (7-23)

P W [Xi + (Rs - r2)2]

Equations (7-23) and (7-33) were used to calculate r, and Cp for all the rocks
studied in the pretreatment experiments of Section VI. An equation of the form

r, = g/f" (7-34)

was assumed for each of the basalt samples. At each frequency, f, the

resistance r, was calculated from the X8 and R8 values measured at that

frequency. A least-squares fit using Equation (7-34) was performed on

these data points. Table 7-2 presents a summary of the values of g and n [
computed for each basalt sample in the dry state and after being subjected J
for various pretreatment conditions.

~
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Table 7-2. Basalt Parameters of the Equation ry =g/ i

Sample > K1 Ko Ky
Basalt Rock
StateJ' g e g - g n
Basalt (dry) 3626 | 0.474 2375 | 0. 634 2048 | 0. 704
Following 23 hour 5016 | 0.778 2331 0. 554 2018 | 0.635

soak in water

Following 77 hour 4775 | 0.782 | 2404 | 0.745 | 1517 | 0,741
soak in water

Following treatment 4817 | 0.778 | 3333 | 0.772 | 2422 | 0.794
in 1% NaOH

Following treatment 4022 | 0.735 | 2933 | 0.735 | 2159 | 0.779
in 5% NaOH

Following treatment 3222 | 0.734 | 2344 | 0.670 1831 | 0. 745
in 10% NaOH

Averagen 0.1713 0. 685 0. 733
Standard deviation 0.109 0.075 0. 052
in n

Examination of the r values in Equation (7-34) for the obtained data shows a
systematic variation in the value of g with both the basaltic rock sample and
its pretreatment history. Except for dry basalt, the constant n appears to be
independent of the rock size or the presence of water or mobile sodium ions.
For basalt, an average n value of (0. 71 £0. 08) may be concluded from the

present data.

Variation of the parameter g for basalt with the percentage of sodium hydroxide,
¢, in the pretreating solution is illustrated by the curves in Figure 7-3. The
pretreatment time was 23 hours, and pretreatment in distilled water for the
same period was taken to represent zero percent sodium hydroxide. In
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PERCENTAGE OF SOOIUM HYOROXIOE IN PRETREATING SOLUTION

Variation of the Basalt Constant g with the Percentage
of Sodium Hydroxide in the Pretreating Solution.
Pretreatment Time = 23 Hours

Figure 7-3.

il

|

6000
o DRY BASALY
« BASALT 5C-KEQ FOR 23 HOURS IN WATER
el o BASALT SC AKEO FOR 77 HOURS IN WATER .
0 BASALT FiETREATEQ FOR 23 HOURS IN
5% Na OH »
= 4000 } o
5 -~
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ot 3000 | a_- -
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g - '
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e P "
1000 |
K Ky X,
0 - \ } , , 4
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LENGTH OF BASALT CYLINDER, CM

Figure 7-4. Effect of Length of Rock Cylinder on the Parameter g
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general, g decreases linearly with increasing sodium content, except for the
thinner rock samples K2 and K4 wnere a slight increase in g is observed
between 0 and 1 percent scdium hydroxide. Linear least-square fitting of the
data gives the following velationships:

For basalt sample K1

g = 4989 - 180C (7-35)
For basalt sample K2

g =2885 - 37.5C (7-36)
For basalt sample K4

g = 2249 - 35.4C (7-37)

Systematic variations of the parameter g with the rock dimension are also
evident from the data in Table 7-2. The variation of g with thickness of the
basaltic rock cylinders is shown in Figure 7-4. The data indicate a systematic

increase in g with increasing rock thickness.

CORRELATION OF IMPEDANCE POLARIZATION
ARTIFACTS WITH THE MODEL

Electrode polarization effects have been found to constitute an integral part in
impedance measurements. Polarization effects are simulated by the model
resistor ry = g/fn, which is parallel with the RpCp unit that represents the
dielectric in Figure 7-1. The presence of r in the model accounts for the
observed deviation from the ideal or Debye dielectric behavior, and hence for
the observance of a circular arc with a depressed center, rather than the Debye
full semicircle in the Argand diagram,
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When various basalt samples were pretreated in solutions of sodium hydroxide

of various concentrations for a period of 23 hours, the polarization paremeter,

g, was found to decrease nearly linearly with increasing concentration of the 1
sodiuran ion. It also decreases systematically with decreasing rock thickness.

The exponent, n, on the otht/er hand appears to be independent of the rock con- ..}
dition, dimension, or pretreatment history.

The foregoing findings suggest that most of the polarization effects reside in
the electrical double layer at the rock/ electrode interfacial contact. The
mobile sodium ions are expected to influence the structure, and hence the
relaxation properties of this double layer. Remembering that ry is in parallel
with the dielectric model of Figure 7-1, it can be appreciated that polarization !
will be stronger at smaller values of ry (or g); i. e., in the presence of larger
sodium ion contents,

CORRELATION OF r; WITH THE WARBURG POLARIZATION

The suggested model of Figure 7-1, with its unusual resistor ry, provides

a useful mechanism for explaining the observed results; i. e. » the appearance
of a circular arc with a depressed center in the Argand diagram relating the
series reactance, Xs' to the series resistance, Rs (both measured at the
same frequency). Electrochemical literature had often revealed many such
unusual electrical components to account for electrode polarization effect,
The Warburg electrochemical formula (Equation 7-13) suggests that the
electrolytic polarization resistance is inversely proportional to the square
root of frequency,

To explore the polarization significance of ry, the data on dry basalt (Table 6-1)
were examined in some detail. The variation of ry for dry basalt with 1/’\/-f-
yielded a curvilinear plot, as shown in curve "a" of Figure 7-5. The points at
frequencies larger than 100 Hz (the initial segments of curve "a'" at I/V’?less
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than 0. 1) appeer to represent a straight line, This tangenial line (curve "'b"
of Figure 7-5) has a slope of 2509 and is taken to represent the Warbturg

resistance for dry basalt.

g
1 _ 2509 (7-38)

r = = =

"IN TN

The Warburg line (curve "b'"') was extrapolated to very low frequencies and
subtracted point by point from curve "g" The resulting "difference curve"
was concave as shown in curve 'c" of Figure 7-5. When the data on curve
"¢" were plotted as a function of 1/f, straight line ""d" in Figure 7-5 resulted.
A new resistance, r, = gzlf, is therefore assumed to describe the polariza-
tion at very low frequencies. The slope of line ""d" for the variation of this
new resistance with 1/f gives a value of 4032 megohm Hz for gy of dry

basalt.

The unusual resistor, r,, appears to be analytically composed of two polari-
zation terms, one of which is the Warburg resistance; thus,

rl = rw + rk
(7-39)
L -
£ ¢ f
For dry basalt
2509 4032 _ 3626 (7-40)

ry (megohms) =

\/f f fU. 71

Table 7-3 gives the parameters g, and g, for the rest of the basalt rock
samples in the dry state as well as those following water soaking and pretreat-
ment in sodium hydroxide. Except in a few instances, both gy and g, decrease
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Table 7-3. Basalt Parameters of the Equatjon PP+
’ ; f
: [
!
Basalt Rock
Statei, g1 | &2 g1, g8 .| €. g2
Basalt (dry) 2509 | 4032 881 |, 1021 500 | 1000
Following 23 hour 2164 i625 1152 | 2187 | 1022 1302
soak in water . :
Following 77 hour 1713 | 2256 [ 1067 | 905 |' 674 | 606
soak in water ’ . |
. ] * !
Following treatment 1796 | 2166 | 1389 | 1252 |' 899 | 1035
in 1% NaOH
Following treatment 2904 | -382 | 1885 | 1325 | 992 664
in 5% NaOH : L
Following treatment | 1414 [ 1309 | 3607 | -248 | 1102' [ 233
in 10% NaOH i .
L

i

with increasing sodium content in the pretreating solution as well as with
decreasing rock thickness. Linear least-square fit of t}?e data w1th the per-:
centage, c, of sodium hydroxide gave the followmg relatlons

For rock sample K,

2241 - 43C

(10
—
n

= 1536 - 89C

o3
t
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e For rock sample Ky

1057 + 238C

0]
—
]

} i

1761 - 220C

3
n

! o For rock sample K4

g, = 951 + 13C

i
and

g, = 1212 - 101C .

*,The increase m the Warburg coefficient g, for rock samples K2 and K4 with

increasing sodlum content is dlffxcult to explam Of the preceding six equa-
tlons, two have a positive coeff1c1ent of g with ¢ and the remaining have a
negatwe coefficient. It may be suspected that the Warburg coefficient g,
increases while the very low frequency polarization coefficient, gy decreases
with increasing sodium content.

'
1
{

1’°HYSICAL SIGNIFICANCE OF rq

.
l
The precedmg data reveal the interesting fmdmg that r, is indeed a

polarlzatlon resistance. - It, therefore, represents the term in which electrode
polarlzatxon artifacts reside. An equally important conclusion is that electrode

impedance 1s not in series with the sample impedance as has been universally

. accepted, but appears to be for the most pdrt in parallel with it.

! ‘ '

' The inherent polarization represented by ry and which constitutes an integral

1 f
;]>art of the measurement, is qvidently responsible for the deviation of the

b ' Z9506-3007
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dielectric from the ideal or Debye behavior. The model has, therefore,
permitted for the first time a clarification of the complex polarization term

in rock impedance. R_is directly determinable from the point of farthest
intersection of the experimental circular arc with the R axis. If one corrects
for the polarization effects, the time constant or relaxatlon time, 1, for the
ideal system is given by the product R C For the real system, the model
Equation 7-12 gives a time constant of

= RpCp Y} 1+ K2 (7-20)

where K = cotany and o is the rock phase angle. The relaxation time, T, can
be determined independently of the model assumptions by plotting X as a
function of log f. The maximum in reactance will determine the turnover

, from which 7 can be calculated as

frequency, fmax

7 & 1 - 1 (7-3)

The capacitance of the condenser, C_, can thus be calculated from experi~-
mental data by Equations (7-3) and (7-20). The model, therefore, permits
complete analysis of the rock impedance parameters for estimating its
complex dielectric constant, X* = X’ - j¥’/, Here X’ will be related to the
condenser C_, and X ’/ is related to the rock conductivity as given by the

reciprocal of Rp.
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SECTION VIII

TECHNICAL REPORT SUMMARY AND RECOMMENDATIONS
FOR FUTURE WORK

TECHNICAL REPORT SUMMARY

This research program was initiated to determine the electric and dielectric
propertics of rocks with the objective of finding a correlation between these
properties and the rock geophysical characteristics and structure. Low-
frequency data will eventually be useful to determine the presence of under-
ground water and entrapped oil and gases ahead of excavation, and for under-
ground tunneling. Accurate knowledge of the rock impedance and dielectric
properties enables us to determine the attenuation of electromagnetic fields
and thus predict the range and frequency for underground communication

systems.

For this study program a novel technique of determining the electrical proper-
ties of rocks has been used that allows us to directly display compl2x impedance
as a function of frequency. Three characteristic rock samples have been in-
vestigated in the frequéncy range from 0. 05 Hz to 2 kHz. The data obtained
were displayed in an Argand diagram and could be fitted very closely by an

arc of circle with a depressed center.

An equivalent circuit with an RC network was used to determine from the
resistivity values at zero and infinite frequencies the dielectric constant at
the corresponding frequencies. The method depends on "bracketting" the
circular arc in both the Argand and the Cole-Cole plot and on the assumption
that a single relaxation time must be the same for both the impedance and the
dielectric dispersions. The computer algorithm has been extended to derive
the dielectric loss, €’’, or imaginary part of the dielectric constant, ",
and the real part of the dielectric constant, X', at the frequencies at which
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the specific impedance parameters are measured. The conversion technique
by rotating the impedance vector from the Argand plane and transforming it
to the permittivity vector in the dielectric plane is novel and reported here
for the first time. ' Application of this technique to the impedance data of
basalt and quartzite gave dielectric constants that agree reasonably well with
those reported in the literature.

The hypothetical electrical model used in this investigation consists of a
resistor, which is frequency dependent, in parallel to a capacity. Both are
shunted by a resistor. This model successfully describes the detailed ex-
perimental results. The polarization effect can be described by & resistor
whose value is inversely proportional to frequency with a power between 0, 5
and unity. ‘

The electrode impedance effects have been determined from a series of
measurements with slices of various thicknesses cut from the same cylin-
drical sample. The electrode eifects are significant for thin rock samples
where they may represent a substantial portion of the measured impedance.
For long rock samples the electrode correction may be negligible. However,
in this case the sample impedance may be comparable or larger than the
amplifier impedance preventing a stable measurement.

RECOMMENDATIONS FOR FUTURE WORK

It is highly desirable to extend the cap~bility of our on-line computer technique
beyond the kilohertz range. Extention to the mega- and gigahertz range has
been recommended in Honeywell proposal 1D-E-3, "Effect of Frequency and
Temperature on Rock Dielectric Parameters.” The effect of temperature

on rock impedance is illustrated by the results of the following preliminary
tésts,

29506-3007
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Experiments were performed on basalt (IV) to determine the effect of tem-
perature on rock impedance. The basaltic sample (IV used in this experiment
was a large circular disc 0. 54 cm in thickness and 5.21 cm in diameter. It
differed from the previous Dresser basalts (1), (I1), aw.d (31I) used in previous
experiment in both color and grain size. The new sample was darker in its
greenish tint than the former samples. The change in texture may be attributed
to a different phase of rock formation. Impedance was measured at both room
temperature (22°C) and the melting point of ice (0°C). At the low frequency of
0.1 Hz, the impedance at the ice point is considerably higher than that at room
temperature. As the frequency increases, the temperature effect becomes
less pronounced. Table 8-1 gives the resistive and reactive impedance com-
ponents at room temperature and at nominal frequencies ranging from 0.1 to
2000 Hz. The variation of the series reactance at room temperature, X,
with log frequency is shown as curve A of Figure 8-1, while curve B shows the
variation of the rock series resistance, Rs‘ Both curves indicate a turnover

frequency, fmax’ of 9. 96 Hz, which corresponds to a room temperature relaxa-

tion time, v, of

1 1

wmax 2“fma

7 B = 15. 9 milliseconds (8-1)

X

When the previous experiment was repeated at the meliing point of ice, the
data in Table 8-2 were obtained. Variation of the impedance parameters, at
room temperature with log frequency, is shown in Figure 8-2, where 2 turn-
over frequency, f'max’ of 2. 00 Hz is determined. At 0°C, the relaxation time

is given by

1

e e = T8 5 milliseconds (8-2)
max
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Table 3-1. Impedance Data op Basalt (IV) at 22°C

LAST RECORD IS Tu- 2 4/23/71
ZEEGO MOD 1

B6-1 4/26/71

ENTER RCAL/UNITS

2d.
MEGS

FRQ RES RAEC PHI
“Oﬂg 32.6651 -305772 -6025
¥.5¢ 26,5789 =h, 5447 -9.7¢
Hngy 2“.“72“ -503178 -12.Zb
2.4y 21,8583 -6.1671 -15.79
5.42 17.6153 =7.098y -21.95
7.95 15.2352 =7.2887 -25,57
3.9‘) 1“.’\"585 -702’72 -273‘"}
14,97 11,9454 =7.1602 =34,9b
2¢.¥2 14,4638 -0.9575 <-33.57
30.03 8.5419 “b.5137 =37.33
g, 16 7.25068 -6.,11¥3 -ug.1y
50.14 6.3452 =5.7679 <42,27
9905“ “0“188 -“.Sl‘?] -“83:8
204.27 2,3545  -3,2393 -53,99
5P3.36 1.1232 -1.8585 -58.80
998.1Y ¥.6598 -1.1528 -64.22
2§22.46 .4g74  -y,654¢ -58.4¢

17 SAMPLES

CIRCLE CENTER = 16,9612 20,4344
RADIUS = 27.6828

ERROR ¥,88188 REDUCED TO ¥.58838
IN 17 STEPS
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Table 8-2. Impedance Data on Basalt (IV) at 0°C

CRT CALIBRATION

DATA TAPE ON UNIT 2 - PUSH START

PAUS HEFEHHHR

LAST RECORD IS

ZEEGO MOD 1

B7-1 4/26/71

ENTER RCAL/UNITS

B6-1 4/26/71

2“0
MEGS
FRQ RES RAEC
.09 16,3149 =2b,5281
.5 114.5569 =36.2ui7
J.99 92,3657 =39.287y
2.4 72.3747 =3Y.8385
sS.gy 47.1312 =30.4387
7.96  35.9375 =32,.25J4
9.95 31,1345 =34.1291
28.42 10,4996 =22,9683
3g.68 13,8184 -18,9881
50.45 8.8994 =1b,4474
99,58 b,7185 =9.4347
29g.27 2,3633 =5,7473
Sgu .24 #.9996 -2.7933
998,19 g.5780 =1.5737
2018.35 g§.3682 -p.8424
16 SAMPLES
CIRCLE CENTER =  91.5¥41
RADIUS = 129.8529
ERROR 5.15521 REDUCED TO

IN 11 STEPS

Z29506-3007

PHI

-90‘.“
-18.16
=23.44
-28087
-37.41
-h1.91
-44, 6
-5“039
‘53096
-56,54
-58.37
-63.47
-67.65
-700 32
-700 1“
-66,44

87.521%
2.35518
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Figure 8-1, Variation of Impedance Parameters with Log Frequency
for Dresser Basalt (IV) at Room Temperature, 22°C
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Figure 8-2, Variation of Impedance Parameter
for Dresser Basalt (IV) at 0°C
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The rock d-c resistance, Ro, at 0°C is 191, 8 megohms, which should be
compared to the room temperature value of 37.3 megohm. Thus both rock
d-c resistance and relaxation time decrease significantly with rise in tem-
perature. At higher frequencies, the temperature effect becomes less

pronounced,

According to Eyring's theory of absolute reaction rates (Ref. 26 ), the turn-
over or characteristic frequency is equal to the universal frequency (kT/h),
modified by a free energy of activation term; thus

t
kTy -AF /RT
fmax © (T) ’ / (8-3)

where k is Boltzmann's constant, T is the absolute temperature, AF‘f is the
free energy of activation per mole of the relaxing unit within the rock matrix,
and R is the molar gas constant.

The free energy of activation is related to the enthalpy of activation, AH, per

mole of relaxing units by

t t

AF = AH - TAS*

(8-4)

where AS‘t is the entropy of activation, Applying Equation (8-4) into (8-3),
one obtains

t t
kT -
fmax ® (T) MUF 50 L (8-5)
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or

k , ast_ au'

iIn (t‘max/T) = 1n h " RT

(8-6)

Normally one determines fm ax 2t @ series of temperatures and establishes the
validity of the foregoing equations by ascertaining that the plot of 1n (f /T)
against (1/T) is linear. From the slope of this linear plot one determines the
enthalpy or heat of activation, AHf, thus,

Slope = - = (8-7)

and from the intercept of the linear plot with the ordinate, one can determine
the entropy of activation, AS*: thus,

.r
_ k AS
Intercept = ln(ﬁ) + R (8-8)

Applying Equation (8-5) to the data obtained in this preliminary work, and
remembering that T = 295°K for room temperature (22°C), and T = 273°K

for the ice point, then

t

b Wl
(fag/T)  -8H 2 - L
max - R IT T
T AT s e il
max

or

f T t

(1 1
ln max J = AH [—r - -—] (8‘9)
[f;mx'r R |T"" T
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The enthalpy of activation, AH*, is calculated from Equation (8-9); thus
* TTI f T' . {..
AH' = 2.303R =—=7 log |BX—| = 10, 700 calories
(T-T9 fmax v

For one mole of the relaxing unit within the rock (92 grams for the Si0 4 tetra-
hedron), J

Hence, it is estimated that the activation energy for the relaxation process in

basalt is about 11 Kcal per mole of relaxing units, or about 0.5 ev (1 ev =
23, 05 Kcal/mole).

Future work in this area will further investigate the influence of temperature
on the relaxation process and utilize it to compute both the enthalpy and entropy
of activation. Further studies of the pressure effect should yield more infor-
mation on the volume of activation and entropy of activation of aggregate iuter-
actions. This new set of data should yield deeper ins ights in rocks' ultimate

structure and their petrogenesis.

The complex impedance of rock samples at a range of frequencies that brackets
their turnover frequency would yield valuable information on the relaxation
time(s) of the silica tetrahedra and other structural groups within the rock,

and the presence or absence of conductive materials. In general, a Cole-

Cole circular-arc ploi would be obtained in the complex dielectric diagram.
With complex structures, the resulting figure may be analyzed into a series

of nearby semicircular arcs, each describing a given relaxation mechanism
with some interaction coefficients among the various aggregates (Refs. 27 and
28). The same Colr-Cole plot can be obtained in a complex impedance dia-
gram, sometimes called Argand diagram, Sinbel (Khalafalla) (Ref. 20) showed
that the plot of the series reactance, Xs, against the series resistance, Rs
(both determined at a given frequency), in a complex system should yield a
semicircle arc. The intersection of this circular arc with the real (resistive)
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axis will define the d-c resistance, Ro (at the farthest right end). Any point
on the arc will define the impedance radius vector with both its reactive and

resistive components readily available.

Structural relaxation times in rocks can also provide valuable information in
rock elastic moduli. Debye (Ref. 18) related relaxation times to viscosity 1
liquid systems. Elasticity corresponds to mechanically recoverable energy
and viscous flow or friction to the conversion of mechanical energy into heat,
Because of the similarity between viscous resistance to flow and friction
between solid surfaces, the resistance to flow of a fluid is the analogue to
internal friction or shear within a solid. These areas of endeavor in rock

dielectric relaxation constitute our long range research goals,

In his opening remarks for 'tables of dielectric materials" Professor Arthur
R. Von Hippel (Ref. 9), a leading authority who heads this country's clearing
house for information about dielectrics since World War II, states '"We are
fully aware that these data should be expanded, especially towards higher
temperatures and frequencies; that a real dielectric analysis of the materials
should be undertaken, linking the dielectric response to composition and
structure..." We believe the rock data in this research are a step toward

achieving these goals.
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SECTION IX

COMPUTER ALGORITHMS

DATA PROCESSING AND COMPUTER PROGRAMS
H |

The system is composed of three main nrogréms:

I |
SAMPLING
AND A-D
CONVERSION

:

‘ i
ELECTRODE

CORRECTIONS

‘ :

DATA
- ANALYSIS
]

1
‘

t

These thrée programs are described in further "detafil on the folilowing pages. |
Program listings are included for programs II and III. Program I contains

[ : .
much machine language code; therefore, its listing was not includfzd.

SAMPLING AND A -D CONVERSION o]

Description

i

The output of the rock amplifier is sampled and 'convertqd to digit

2

) 0
al form.

Provision is made to enter a calibration constant for the circuit. At each
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frequency the senes resmtance R g* Series reactance X, series reactance
X g and phase, angle are listed.

‘When all points have been sampled; a least-squares bit is made to the R X
~ data, Thl’S arc and the data pomts are optlonally displayed on a CRT screen

! E ;

The data can also be stored on magnetic tape to be used by other programs in
the system. ' : '

| d ' o X [

1 i

Flow Chart - Sampliﬁng;and A -D, Conversion

ALAD ARG i P
LARLE Canp

EWITEm N
| st oz

! , , INPUT
' CALIBRATION
CONSTANT

SWETEH Wl 3%
®T
.' -

x ' RAMPLE LaTa
i
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9-3
ELECTRODE CORRECTIONS
Description

This program calculates the electrode corrections based on the R_, R data fr
from two samples. As a further refinement in the correction technique, all

pairs of three racks taken two at a time are averaged to yield a better cor-

rection for each rack.

For example,

1) Compute correction for K1 and K2

2) Compute correction for K2 and K4

Average results of (1) and (2) yield correction for K2.

The correction formula is derived as follows: consider two samples of the

same rock,

:\r;\ea T\ »|rock 1 Ar:i_, +_Llrock 2
o—dl—v —-»| \ |4—
\\d
2
For rock alone,
d
ZR*K
d
i.e., RRG%, XRGK
79506 -3007
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Thus for two rocks,

e

R

-~ L . R
iERz an dp B

We measure Rm' ?m. which include electrode polarization effects.

Thus, .

~
)
X
=
+
e

R_ -R
-l % 1
R_ -R_ B8

g ®»

Rel =Re2 =Re

yields

Z.9506 -3007
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Rmz-Ble
R = (9-5)
e 1-3
Similarly
X - BX
o |- L Ep i (9-6)
X, T3

The electrode corrections Re’ X‘3 arrived at in this manner are listed on
the console typewriter. Cards with these correction factors can then be
punched to be used by the data analysis program.

Flow Chart -- Electrode Correction

T
1 u:Ll.'l

o
bkl

CALCULATE
R, X_AN
e e
STORE

N OONE ALL
POINTS

Y

L DONE ALL
PAIRS

Y

AVERAGE TO
YIELD NEW
Pe, X FOR

EACH SAMPLE

:

\%
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The Data Analysis Program consists of the main program and 5 subroutines.
In brief the program does the following:

e Recalls, from magnetic tape, data points resulting from a

specified experimental run.
e Selects some or all of the data points for further analysis.

e Makes phase, amplitude, and, optionally, electrode cor-
rections to the data points before further analysis.

e Fits a "best" circle to the data points

e Determines parameters of our model from this circle.

e Determines miscellaneous parameter from the data points.
Each of these is described in more detail in the following pages, with a
general flow chart of the program and a program listing.
LOADING EXPERIMENTAL DATA
The data from each experiment consists of 5 physical records on magnetic
tape. To locate required data, the appropriate number of records is skipped
and the desired 5 data records are read. The following is a brief description

of thesé records.

e Record 1, 8 words
e Words 1-4 - label describing experiment (e.g., K4 9/17/71 77 Hr)

° Words 5, 6 - unused

29506-3007
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e - Word 7 - N = number of data points
e Word 8 - unused.
e Record 2, 50 words (2 words/data point)
Frequency:
F(=1-=1...N Ns 25

e Record 3, 50 words (2 words/data point)

Rs:
N(D 1=1,...N N =25
e Record 4, 50 words, (2 words/data point)
Nt
S
Y(n r=1, .. . N Ns 25
e Record 5, 80 words (2 words/data point)

Working array Q:
Q) 1=1, ... 40

This is an array where intermediate information is stored for communication
between the main program and its subroutines. For example, Q(40) is the

calibration constant used in the experiment.

DATA SELECTION
Selection of the data points is done by the following technique.

A card is read containing the number of points to delete from fruther analysis

NDEL 0 € NDEL s N. N is then decreased by this amount; N = N = NDEL.
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Another card is then read specifying which points to select for this run. The

points must be in ascending order and the total number of points must equal j
this revised N. The F, X, and Y arrays are then "compressed' (i.e., any {‘j
points not selected are deleted) for ease of processing by the rest of program.

For example, assume original N = 7 and we wish to delete 2 points (2, 5):

o Card 1 contains ¢2

o Card 2 contains ¢1 ¢3 ¢+ $6 97

CORRECTIONS TO DATA

Uncorrected phase angle PHIM is corrected to PHI. The following equation
is used.

To correct for phase X frequency errors from the frequency generator used

in the experiment.
r < Xfl) cos (PHI)
8 cos (PHIM
X = Y(1) sin (PHI)
8 sin (PHIM

In addition, Xs’ RS are further corrected if the frequency F(I) is >1000 Hz.

Optional electrode corrections R, X e 8T€ read in on cards.

R

!
8 Rg - Re

[
s Xs 'Xe

2 2 . po
z--\/xS + Rg
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The corrected X4+ Ry are then stored back into X(1), Y(I); Xg» Ry Z are all
multiplied by A/d (AOD) for the given sample

The following are listed if desired on the console typewriter.
1 s A £ A % A
F(I)) Rs‘ ‘\s R a— ) X d » PHI. Z‘ Z = a‘
FITTING CIRCLE TO DATA POINTS

Subroutine CENTER and EVAL are used together to fit a circle to X(I), Y(I)
I =1, ... N,

Subroutine EVAL(CN, CY, R, RV, NSTEPS) does the following:

find
T, - TeN - x(0)? + ey - vi)?
and
N
R = Z T./N
=1
N . 1
25 - Z T, |y -g2|2 RVzO
i=1

That is, it calculates the mean and standard deviation of the data points about

a given center (CX, CY).

If the standard deviation is less than the previous standard deviation, the
new center coordinates are stored along with the new mean and standard devia-

tion. NSTEPS is increased by 1 and the subroutine is exited.
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Subroutine CENTER utilizes subroutine EVAL as follows. A guess is made
for the initial CX, CY and a counter Ns is set to zero. Call EVAL and store

CcX, CY, and standard deviation.

By successively modifying CX, CY and calling EVAL, a search is made for
the CX, CY yielding the lowest standard deviation. These coordinate CX, CY,

the radius, and

100* standard deviation

FIT =
R

is printed and control returns to the main program

MODEL PARAMETERS

Having found the "best' circle fit to the data points, the following parameters
are calculated and printed.

b
©
v‘v

-
('™

A
vew

()
o

2

Rp. roe Ty are determined from the circular arc.
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In addition

1
C = 2 (fl o ri‘l) X (Ci = Cl‘l)
P 1=2
- h
where fi is frequency at point i,
and
Xsi
G = -
20, ERS -Ry)? + \{g]
i
RHO = R (i) ohm-cm is also printed
od P .

Also calculated and printed in subroutine EPSILN are the following:

- - 2
T = (Ro R,) Cp '\/l + cotan“yp

where
!FR - R
v =gl ;_o__;:‘ , r =radius of circle
L 2r
€ F T—T s S T I
(o] 2R R
d = d Yo
also printed for each frequency fi
€. - .
¢! et o~ G { -- sin h(l1-a) s —
5 cos h(1-a) 8 + cos N
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and
1 an
o 2% " e o8 7]
cosh(1-a)8 + sin ‘—;ﬂ L
where 8 = log, (wt) and Cole-Cole parameter o is related to the rock phase -

angle @; thus

¥ =12'- (1-a)

MISCELLANEOUS PARAMETERS

For each of the samples K1, K2, K4 under various conditions, the following
calculations were made. on the uncorrected data for each frequency

2 2 2
R [X° + (R®- R )]
3 g o°'s s ® (9-7)

R IR, - R,]- (X2 + (R, - R)?]

An equation of the form
- £
g ¥ f" : l

was assumed and a least-squares fit was done on the points calculated from
(9-7).

An equation of form

rl :W +-f- ‘9‘9)
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[ )

was also assumed and another least-squares fit wad done on points from

(9-7).

9-13

DATA PROCESSING FLOW DIAGRAM PROGRAM LOGIC

ELECTRODE
CORRECTIONS

READ THE
ELECTROOE
CORRECTIONS

FIND CIRCLE
FIT TO OATA

2

OETERMINE
MODEL
PARAMETERS

3

’

FIND C,
¢ " . ll'

$

FIND MISC
PARAMETERS
9n9 0
ETC. 1,72,
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S w— S

was also assumed and another léast-squares fit wad done on points from

(9-7).

9-13

DATA PROCESSING FLOW DIAGRAM PROGRAM LOGIC

BLAD W
LN

R |

SET UP

FOR THE

SELECTEO

QATA
MAKE PHASE
ANO

AMPLITUOE
CORRECTION

ELECTRODE Y

CORRECTIONS
N

FINO CIRCLE

/REAO THE

ELECTROOE
CORRECTIONS

FIT TO OATA

:

OETERMINE
MOOEL
PARAMETERS

FIND C,

A

:

FINO MISC
PARAMETERS

%N gy 9
£r¢. 1,72,
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104 FORMAT( ,1oxuAs) . !

ELECREOF CORRECTION PROSRAY ,

OIMENSION XE1(25))XE2(25)s XE3 (28 : |
OIMENSION RE1(25),RE2(28),RES(28)
OIMENSION RMI(28)sxM1(25)sMy (28}, m2(28), , .
COMMON F(25)0X(25))¥(28),N,3(40) : ’ ! ’
CIMENSIBN LABEL (4),U(25),v(25),(8)
EQUIVALENCE (MELIILABEL (1) )) (M(S))UNITS), (M(7),n)
L0 :
90 LeLe} 2 i : | J

READ(3,10%) NS1,NS2,01,02 s

| | 1.! .I;.J
J

103 FO'RHAY(2|302F1000) 1 ' '

NSk 1PeSeNSy '

IF(NS14GT00) CALL SkIPR(2,NSKIP) -
1 CALL TARO (2,M,8,4, IE) . ) !

IF(1EsEns3) GO vB 30 ! | !

CALL TARD (20F»5004,1E) , ! ]

CALL TARC (20X2500 4, IE) ; ! !

CALL TAREL (22Y2500 4, 1E) !

CALL TARC (2,0.80s4,1E) '

REwIND ¢ . 0 ! 8 o

wRITE(1,104) LABEL ! , B ' '

08 3 leg,N | .
PHIM o ATAN2(Y(1)sxi1)) H . ,
Z v SQRTIX(I)espeY(])0ep) ! :
G o 2/Q(40) '
PHI o PHIM (7+00AL0G10(G) 15¢0)0F(1)e0400001
RS » xtl)-COS(Pnl)ICOS(PHlH)
xSe V(I)OSIN(PHI)/SIN(PHIH)_ : f
IF(F(1)aLES10004) GO T 4 ’ -
2CF o S(Le%eEXP(ALBGID(G)) o SedS)e(F(1)010000)00000001 o §, o B
RSeRS/CF : 4 r
xSexS/CF : ]
4 RM{(1)eRS
3 xMy(l)exs . . !
NSK IPeSeNSD : ! 9]
1F(NS2¢GTa0) CALL SclpR(abnsklp,) ' <
CALL TARD (2:M1804,1E) '
IF(1E«EQe3) GO T 10 ! ]
CALL TARO (24F,8044,1E) ' :
CALL TARO (2,X,50s4,1F) l J ~J
CALL TARO (2,Y,80s4.1E) , I L
CALL TARD (22,8004, 1E) .
REnIND ¢ : . . | i
wRITE(1,104) LABEL g ’ [
WRITE(1,110)

. !
110 FokHATc//axan:11xauﬂsnaxzuxsoaxanﬂxosxarxxl9x2H$2:9x2H125 ‘ ‘

08 8 Jeg,N
PHIM o ATAN2(Y(1)ax(1)) | .
PN ] SQRT(X(1)es2eY(1)10e2) ' : 1
G & 2/Q(40)
PH] » PHIM o (7:00AL0G10(G) o 1s.ogorcl)-o.ooooxl L
x(l)-X(l)-COS(Pnl)ICOS(PHlH) i
V(l)-V(l)-SlN(PHl)ISIN!PHlH) 00 ] ' !
IF(F(I)-LE-IOOO-) GO TO A
CF S(1:90EXP(ALOGIOIG)) o BedS)ea(F(1)1010000)00:00001 o 1,
Xthyext1y/cF | .
Yillevi(l)/cF ; ; | -
B CONTIVUE ’
RM2 ANO xM2 ARE NOWw IN x ANO v : . : ,

] M ! o i
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108

5 I
300
i 354
I H 400

500

| l's
106

550

600

J 700

903

¢ . 8300
! © 1000
10

REAO(32405) NN

FokMAT (2812} .
READ(32105) (Mi(J)eJels25),
READ(3,105) (M2(J)sJel,25)
DO 5 lsisNN
JeMi( 1) >
xeM2(1}
XXIRM1(J)
YYeX(K)
080«02/014

REs (YYeDOO®XX)/({1+2080)
AXe XML (J)

YyYsY{K}
;5.(vv-qeboxx)/(1--000)
RRy{sRM{(J)=RE .
RR2eX(K) eRE
xRieXMY(J)eXE
XRZeY(K)oXE

1F(L=2) 200,300,400
REL(1)sRE

XEL(1)sXE H

68 10 50¢

RE2(1)eRE

xE2(1)eXE

68 Y0 500

RE3(1)eRE

XE3(1)eXE

CONTINVE

L3

wRITE(1,106) F(K)gREaXEaRRlalﬂiaRREnXRE

CONTINUE

FORMAT(IXFFe3s IN2F 100304F 1104}

IF (Le2) 90490550

CONTINUE

08 1000 Leis3 !

D8 1000 TsgsNN

1F(Le2) 6004700, 800

Ri--S-(“Eltl)oREE(l))

XEweSe(XEY(1)exE2(TY)

Ge 18 300

REw eS80 (RE2(1)$RE3( 1))
1)

. XEveSe (XE2(T)eXEI
‘G0 18 90¢C

REs +5e (REL (1) eREI( 1))
XEveSe (XE1S1)eXEILTY)
CONTINUVE
wR1TE {1, 8000)RE, XE
FORMAT (2F14e5)
CONTINUE

sTeP

ENO ¢
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oFBRTHAN
1 C
e) C
3) C
e C
LY
63
7)
8)
9)
10}
11
128
13)
14)
15)
16}
17}
8
19
2n!
21:
22)
23
24
25!
26!
27:
s
29)
30:
:
32:
33
36)
3%
36)
k)2
k1 H
391
40!
41l
42!
838
YY)
5!
(Y1)
(Y4]
[T}
49
80)
81:
82!
83)
T}
55)
86!
57)
11
59:

s

102
103

8000

290

300
104

101
S0

106

MAGES PHASE AND AMPLITUQE CARRECTIBNS T8 RAw UATA
MACES ELECTROOE CORRLECTIONS (SSw §) )
CIRCLE FITS CORRECTED QATA
CALCULATES PERMITIVIYY ANO L08SS FACTOR

COMMON F(25),x(2%)2Y(25)4N,0(40) 2CP

QIMENSIBN LABEL (4)sU(28)0v(28)sM10)

EQUEVALENCE ™ (M0 ) 2LABEL(1))a (M(S)aUNETS ) (M(7),N)

OIMENSION MAP(28) :

QIMENSIBN REv(28),xkV(28)

wRITE(1s102)

FORMAT(SINENTER NS5,A80  PUT SSwi UP FOR ELECTRODE CORRECTISY,
READT12103) NS, 480 i

FORMAT(13,F1040)

NSX1PeSeNg

IF(NSeGTeg)CALL SKIPR(2,NSKIP)

CALL "TARQO (2,Ms8440iE)

IF(IEEQe3) GO T8 10

CALL TARO (2,F,80444{E)

CALL TARD (24x,50s441E)

CALL TARD (EoYoSQoQIIE)

CALL TARO (2,0,80,001E)
REWIND 6
REAQO(3,8000) NOEL
NeN*NDEL
RE‘D(ao.OOO) MAP
FORPAT(2512)

08 300 Isg,N

JYMAP (1)

IFtTey) 29003004290
FtI)eF ()

X(IYex(y)

Yilley(y)

CONT INUYE

wRITE(1s10M) LABEL, ABD
FORAAT(//10X0A0210XEHAB00F905,5x294PHASE ANO AMPLITUOE CBRRECTEC/)
CALL SSwTCH(S,18) ’
IF(1%EQ¢y) GO T8 50

WwRITE(1,401)
FOR”‘T(/lx!"'“gollaﬂasolOl?“lSo’laNNAOOOlOIO"IAQDo 8x3IHPH],10x1m2,
18%s4 12A80)

CONTINVE

08 3 lataN ]

PHIM o ATANZ(Y(L)px(]))

1 o SORTIx(i)eeeY(1)ee2)

Ry

. M o (7e08ALBG10IG) ¢ 18en)efF Qe

RS o l(l)oC!SlP“l)/Cﬂs:gNlﬁ) e

XSe Y(1)eSIN(PHI)/SIN(PHIM)

r:(r«x);usozoooo) o: T8

CF » s(le90EXP(ALS - .

Seensier t GlO(G)) o 4o08)0(F(])=12000)a39C000} o 1o
xSeXS/CF

1e2/CF

CALL SSWTCM(1,11)

REVIi)aQe

yEV(1)a0oe

IFti1+EQep) GO T8 ¢

READ(3,106) RE,XE

FBRMAT(2F 1040
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) R

K"
—_—

i

(o

———t Smend

o0
61!
62:
3
1Y
[3-3]
66?
(Y41
[}
93
70¢
13
i
23
Pe?
75
768
778
788
79!
8c!?

(T3
83.
(T3]
851
86!
[ 141
[ 1 3]
89!
901
L 28]
9”1
931
t L%
951
962
971
L[}
99
109t
101¢
102t
1031
108!
1451
10e¢
107t
108¢
109!
110¢
1112
112t
113
1162
1182
1182
12
118¢
119
120:

1211
1221
123t
1261

108
3

8030
8060

Ceooe

180

8240

8010

200

8020

Coooe

250
10

9-17

RSeNSeRE
XSeXSexE

REV(])eRE

XEV(I)eXE

PNIeATAND (XS,RS)

208347 1x8e0deRS002)

Pul o PHla8Y43

RABD o RSeAR0

¥ABD o xSsal0

2A00e2440D

X{l) "8

Y{llexs

CALL SBnTCH(S,18)
IF(18+EGey) GO T8 3
~RITE(14,10%) '(!lo.‘ollo.AODoIA’DJPNIalllAOD

Vi . :
L _7(Jxr!-:atxrxo-iotxrxo-nutl'xo-6:21'1o-'otlfloononxrxoo'atlo

171008
CINTINUE
CALL CEnTgm
caLl medg,
RBeQ(5)948001.E08
:::;:;1.0032; AxE
aTi/6n Rup 2
CALL Cr 0sE1208,7% grmecm
CALL EPBI NraBD)
;:!;f;xalotOt
L (723% OFY N
ot ML o QoN FBR R1eQ/FeeN,/t
20 190 legoN
xildex(l)emEy(];
Yil)ev(l)exEv(])
CALL CE\TER
CALL MODEL
$xede
$vedo
[ $1421-1
8x2e00
::::E:xalolO)
4
- !56(13;:£ur.|x.5~ Fol/2a7Xs2%R1, 9%, 2MXPs4Xs2NCP, /)
:f~;:;(!;--£o(x(!;-a(s)t-ot
»
..:;fnz:vfl,/(a(Sio(X(xt-n(ti;-V(liOOt-SX(li'ateiyoot;
CPe¥i11/100283eF (1)0TEmP
‘3:;}"‘°~"""' -
" (108A1A) F(1)sSOF, Ry, xP,CP
FORAAT(aFT1on, 89200 | 0N 0C
SxeSReaL06(F (1))
SYeSYeaLOG:NY)
:xeu:xao Akgﬁlflll!"t
XYOBXYoA OO (R] )aaLl
oI tnog o 11eaL00(F ()
XNe§
00TeSxee2exNeSX 2
Av(BReSxved¥edx2) 07
AskXP(A) :
Be (XNoBXYeBYeSx ) /00T
:::15;10.030' Y1
(/7 I GeyE ] N
i dy's L] 0sE12,803m NoyEy2,8)
DO 280 legsN

X(J)eX([)eREV(])
Yillev()texEv(])
ster

£V0
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>
S OB NOAFrWN»
0 90 90 90 68 00 90 O8 00 00 B

b pb g b
FWnN
oo oo

15:
16!
17¢
18:
19
208
21!
22
‘234
24
25:
268
27:
28¢
29!
30¢
e

202
201

200
10

9-18

SUBROBUTINE EPSILN(ABD) ]

COMMON F(25),X(25)2Y(25)2NsQ(40)2CP

DIMENSION EP(25)s,EPP(25)

ARG (Q(5)eQ(6))/2e/Q(4)

PsATAN({ARG/SQRT (1 ,°ARGas2))

APey 0570509

Av $oeP/1.5708

TAUs (Q(5)=Q(6) ) eCPaSQRT (14 (COS(P)/SIN(P))ea2)
EAsB885E-060A8D

EOsTAU/(EA®Q(6))

EINFeTAU/Z(EASQ(5))

CeCOS(AP)

SNeSIN(AP)

ExeSa(EO=EINF)

TieTAUs1+0E+03

WRITE(31,202) T31,EQ0.EINF

FORMAT (/ 4MTAUsF 1005, 4HMSEC, 10X3HEQsF$0¢5,10XSHEINFsF10¢5)
WRITE(1,20%) '
FORMAY(/ BX3IHFRQ,BX2HEP»10X3HEPP,/)

PO 10 leisN

- SeALOG(6+283,F (1), TAU)

SHe s B8 (EXP((1eoA)eS)eExP(e(1eeA)aS))
CHo o 5o (EXP((1eoA)8S)eEXP (e (fewA)sS))
EP(1)eEINFoEw(§e=SH/ (CHeC))
EPP(1)sEsC/(CHeSN)
WSele/(6e28aF(1))ee?

WRITE(1,200) F(1),EP(1),EPP(])
FORMAT(3XsF 943, 3E15.6) .
CONTINUE

RETURN

END
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LA

1!

ot
L]
2t
8t
9¢
10¢
118
12t
13¢
188
15¢
16!
17t
18¢
194
20¢
21¢
ga:
231
L}
251!
26!
2t
28!
291!
30!
3t
32!
33!
36!
3st
36!
ant
as!
3%
(31}
[$ %]

#31
(1}
45¢
ab!
(YA}
o8¢
89!
501
511

[ N R

9-19

SUBRBUTINE CENTER
COMMEN '(25):!(ZS)OV(ZS)JNAO(OD):CP
nCogoN/s2

X19(Xt1)exX{NCI) /20

x28 (X (NCIeXIN)) /20
v18tY{1)0Y(NC)) /20
y2e{Y(NCIeY(N)) /20
sx-(x(l)-x(NC))/(VcNC)-th))
sz-(x(NC)-X(N))/(V(N)-V(NC))
CX-(Vl-Vz-Sl'XXOSZ'XZ)I(52-51)
CYsSie(CXeX1)oYL

ASeD

CALL EVAL{CXsCYsRsRVIINS)

3t3)1Cx

at2)eCy

2t eRV]

DeR

08 6 1Ge1s10

peDs2s

cxedt1)

cYedt2)

RV

cxPeCXeD

CXH.CXCQ

cYPeCYeD

cYM CYeD

CALL EvAL(CxP:CV:xxx;RxP-NS)
cALL EVAL(CXHJCV:!!!:R!H:NS)
CALL EVAL(CIACVPJXXX:RV’:NS)
CcALL EVAL(CX:CVFAXIXAQVHJNS)
GXIQI’ORIH

GYSRYPeRYM

x49SORT (GXeGXeGYeGY)

axeGxeD

gYeGYeD

08 & 191260

CxNeCXeGX

CYNsCYeGY

Call EVAL(CINJCVNpIN[NoRVNtﬂnNS)
1F tRVNEWSGE e V) Go T8 S
cxeCXN

cyesCYN

RVSRVNEW

CQNT!NU[

CQNT!NU[

F1T » 100000(3)/018)
WwRITE(1,210) Q131002120081 2F17
FORMAT ¢ 7/725HRS, XS CIRCLE F1Y RESULTS-.:!;SHC!RCLE CENTER #2F1004/3

10
14 XBHRADIVS oF1Dsn/30XBNF1T F1000)

aE TURN
END
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SUBRBUTINE MBDEL
 COMMEN r(aS)aX(aS)oY(aanoo(bonCP
cxXeQ(4) 4
CYesQ(2) : S :
RaQ( &)

Asye

Bes2esCX

CoCxeCxeCYeCyopep
DETISQRT(B'B'“OOAOC)

R2u (=B=DET)/(2eaA)
RPe(eB+DET)/(2e0A) » R2

Melen/2

Webe28324F (M)

RReX{M)eR2

XWeY (M)

SOsRReRRe XWa X W

GPe (RPeRR*RRaRReXWaXW) /(SQaRPaW)
Rinle/(602832+GP)

2(5)sRPeR2

216)sR2

2(8)sRY

WwRITE(1,220) Q(5)sR2sR1)RP ’

220 FORMAT(/3MROeF1 1042 10XSHRINFaF1104//18HMODEL PARAMETERS =)3X4HRY &

1F11e4,4H/FRQ/2IXUHRP sF1led) .
RETURN

END
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APPENDIX A

PARALLEL TO SERIES TRANSFORMATION OF ELECTRICAL
MODELS WITH ASINGLE TIME CONSTANT AND FREQUENCY-
INDEPENDENT COMPONENTS

This appendix presents an analytical proof of the semicircle equation relating
XS to RS. It is easy to show that a transformation of a parallel RpCp unit
with frequency-independent components to an isoimpedic RS Cs unit with
adjustable components will result in a circular plot between XS and Rs'

The impedance of the parallel RpCp unit is given by

. 2 2
R_X R X% + jRX
2 =; _optp T pTp
P +J. 2 2
p’ 7p d
Rp +)\p
Rp.\’z Rixp
S aw SRS v g 1)
+XN R +X
Rp *%p p’ 7p

Comparing this equation with the series parameters ZS = Rs + jXS, one

obhtains
R2
R =R 1+ P (A2)
s P X2
P
and

P
"

/]

From Equations (A2) and (A3), the following identity car be deduced

2 2 (A4)
S
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Let R represent a constant quantity characteristic of the rock system, call
it 2a, then according to Equations (A2) and (A4) one has

R2 X2
P s
R = 2a = R 14— | =R 14 — (A5)
X5 :
Rearranging Equation (A5), one obtains
2 2 _
Xs + Rs 2a Rs
or
2 2 2 - .
XS+RS-2aRs+a -a" =0
hence,
2 2 _ 2
(Rs -a)” + XS s a (A6)

Equation (A6) is the analytical equation of a circle of radius a = %Rp, and
whose center has the coordinates (0, a) in the Xs' Rs diagram, or the Argand
diagram,

The transformation from the parallel to series combination describes a semi-
circle in the series domain for constant parallel circuit parameters. This
condition represents an ideal situation in which the system has no polariza-
tion and in which the capacitance C ig regarded as a perfect condenser,

and hence the semicircle has its center on the real axis and will pass through
the origin. In all rock systems studied thus far, one always obtained a
circular arc; i.e., the semicircle was translated vertically downwards, so
that its center has the coordinates (m and -n). This situation can be de-
scribed as follows

R, - m)? + X +n)? = a? (A7)
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The phase angle, @, of the rock system is defined such that

cos @ %‘ (A8)

Note that @ is not the same as the impedance phase angle, 9, defined by

g ER
tan 9 = = = (A9)
R X
s P

The attachment of a ''leak' resistance, Ty in series with the parallel RpC
unit, as shown in Figure 4-1a of Section IV will also result in a semicircle
with radius é Rp' and whose center has the coordinates (2 R + ry ) and 0.
This is because the impedance of this system is given by

iX R
Z:. = ra + .
2 + iX
P Rpt 1%,
(A10)
R ~ RI/x
R e s
1+ -5 1+
B3 3]
p p

Comparing Equation (A10) with the isoimpedic series parameters Zs = Rs+sz,

one obtains

R
R, - ry = R /{1+ —g—] (A11)
P X
pJ
R2 / R2
X, = _P / 1+ P (A12)

and

Z9506-3007
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These relationships lead to

Xs Xp

= R - r

8 2
RP
or

R . <
3 4 (A13)
Xp Rs - r,

Combining Equations (Al11), (A12) and (A13) and letting Rp = 2a, one obtains

2
Xs
(R, - r,) 1+ = 2a
] 2 2
(Rs -r2)
or
2 2 _ .
hence
2 2 i 4 .2
(Rs - r2) + Xs - 2a(Rs - 12)+a = a
and

[Rs - (r2 + a)]2 + X: = a2 (A14)

This equation represents a circle with radius a = % Rp, and center at

_ [R
(a + rz) = (_2p_+ rz), located on the real axis,
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APPENDIX B

RELAXATION TIME AND TURNOVER FREQUENCY OF A MODEL
WITH A SINGLE TIME CONSTANT AND ONE FREQUENCY-
DEPENDENT POLARIZATION RESISTANCE

Using the model in Figure 7-1, and starting with Equation (7-8) one has

r; RT X
N = 1l p'p

ids 2 2 a
ry R_. + Xp (r‘l + Rp)

2
p
The objective is to maximize XS with respect to w (or f), The various

components are given by:

= &- S = ..._!'... = —-l_ . is i
ry Ak Z\p oC e ¢ and Rp is independent of f,
P P
(r. + R )2
N X “p 2 2
S p rl Rp
2
1 1 1
= B + X [—- + ———]
X R R
p p p 1
X X 2X
X 2 2 R
p Rp ry r p

Substituting the values of r, and Xp in Equation (B1), one obtains

1 1 f 2
- g = 2MC 4 e ¢ —— 4+ — (B2)
X P 2 2mgR_C
s 21'TprRp 2ng Cp ng p
1
i [ ]
X - 1 1
- S = 2nC, + + 9 g (B3)
df p 5 2nC _R” f
2rg €,  2nCRy
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X, will be a maximum when ?1; is a minimum. This happens at the turn-
over frequency, f max’ which is given b)1 i

41122 2 ! !

1 - g; Cp B '1 ! t
2,2 l ; :
2ﬂCpRpfmax 2ng Cp- ‘ ‘ |
or 2 ! } I '
Ry f max : !

Equation (7-9) defines g as 2—,,!1«_,— and Equation (7-11) equates K 'to
cotan @. Using these relations in Equation (B4), .one obtaing

2 . ‘ i )

1
=1 + K g
Tk b2 ¥ !
4n Rp Cp fmax
or ' ; ' |
Lo =RrR¥c? .k?
4n2f2 P p v I
max . i
22 2" - m
Rp C’p (1+ c.jotan ®) |
1 1 N
The relaxation time t = = .
Wmax meax ;
hence; 1'2 = Rg Cg (1 + cotanz'cp) S ' '
|
of
and T = RpCp '\/1 + cotanch " ‘ ,. ; (B6) !

|

One chooses the Positive root because 7 ig always greiter than zero.

]
8 H
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1
! !
From the experimental data, 4
> : '

one measures R , R, and ¢,

.
[

Rp ": (R(;-Rm) 1
i .

Hence' T can be calculated as /’_\
I I [ A |

| 1
~ i
| T = (RO -, H-]- 'E'P Vl. ¥ Eﬂtlﬂ-! =]

i § n
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